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ABSTRACT 
Aquaculture had already been distinguished as an important component of global food security 
and economics. However, aquaculture has expanded at the cost of natural resources and the environment. 
The vulnerability of the aquaculture industry due to the consequences of global environmental changes 
and energy price fluctuations has been addressed in various studies. The identification, planning, and 
implementation of sustainable energy systems are important to ensure the long term economic and 
environmental sustainability of aquaculture. 
This research investigated sustainable energy systems for aquaculture using a life cycle approach, 
allowing for the identification of the most sustainable energy options under different geographical and 
economic contexts. This also provides useful insights for the sustainable development of aquaculture with 
energy systems. The main objectives were to develop a statistical model for energy intensity of 
aquaculture (Chapter 2) and a user-friendly tool that can assist in the decision making of choosing the 
sustainable energy systems in aquaculture (Chapter 3), and to investigate the applicability of solar hot 
water systems for aquaculture (Chapter 4) and the potential improvement of the sustainability 
performance of aquaculture with energy systems (Chapter 5).  
In the first task, the main influencing factors on the energy use of aquaculture were investigated 
via a statistical analysis method. Results showed that natural trophic level of species, culture technology, 
culture system intensity, and local climatic conditions are important factors. With the key variables, an 
energy intensity prediction model was developed and applied to explore an energy efficient growth 
strategy for global aquaculture. Energy use in future global aquaculture would be significantly reduced 
with a selective extensification of global aquaculture. Also, climate change with consideration of 
temperature and precipitation would help reduce the energy use of global aquaculture as warm climate 
zones are more dominant in major aquaculture producing countries. 
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In the second task, an MS-Excel based decision support tool was developed to assist the selection 
of environmentally and economically sustainable energy systems (single source or hybrid sources) in 
aquaculture. Through a case study, the most sustainable energy options for U.S. aquaponics systems were 
investigated, considering different geographical and economic contexts in five U.S. states (FL, HI, WA, 
LA, and ME). Results showed that solar systems (solar photo-voltaic and solar hot water heater) could be 
the most sustainable energy options for U.S. aquaponics due to their low environmental impacts and 
economic benefits.  
In the third task, results showed that heating strategies, setting (indoor or outdoor), and local 
climatic conditions played a pivotal role in determining the environmental and economic impacts of solar 
hot water systems in aquaculture. The lowest environmental impact was found with a 20% heating 
strategy for outdoor aquaculture systems under hot climate conditions, while the most economical case 
was found with an 80% heating strategy for indoor aquaculture systems under moderate climate 
conditions. Further improvements of environmental and economic performances could be achieved with 
consideration of water source (groundwater and surface) and design (horizontally fixed or optimally tilted 
solar thermal collector).  
In the fourth task, environmental and economic impacts of alternative energy systems were 
obtained using the tool which was developed in the second task. Results showed that local geographical 
and weather characteristics, local energy prices, and incentive availability were important parameters to 
determine the sustainability performance of alternative energy systems in aquaculture. The use of 
renewable energy was more sustainable than conventional energy systems in the regions where there are 
favorable geographical conditions, high electricity and fuel prices, and incentives. The use of solar 
photovoltaic with a thin-film technology was the most sustainable electricity generation options in most 
states of the U.S., while the use of natural gas boilers was the most sustainable heating options in most 
states of the U.S. The sustainability performance of the solar photovoltaic systems can be further 
improved through either a technological advancement or an incentive, while financial support is more 
effective for solar hot water systems. The application of anaerobic digestion as a backup system in 
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general will reduce the sustainability of hybrid heating system; however, the hybrid biogas-diesel heating 
system has better sustainability performance compared with a diesel heating system if it is used for 
medium to large scale fish farms. 
This research provides an understanding of energy use characteristics of current aquaculture 
systems, and insights for the planning of sustainable energy supply systems in aquaculture, considering 
different growth strategies, effects of climate change, and alternative energy systems with various 
operational strategies and design factors. Furthermore, the decision-making tool was made to be 
accessible to fish farmers, state-wide planners, and regulators. 
1 
 
CHAPTER 1: INTRODUCTION 
1.1 Significance of Aquaculture and Its Energy Use 
Energy is a fundamental input in raising, processing, packaging, distributing, and storing food. In 
1970, energy for food only accounted for 12.7 percent of total energy usage in the U.S. (Steinhart and 
Steinhart, 1974). Since then, food-related energy use has almost doubled (Heller and Keoleian, 2000; 
Pimentel, 2008). Moreover, globalization and intensification of food production are expected to increase 
energy intensity and use in the food sector (Costa-Pierce, 2010; FAO, 2016; Liu et al., 2018).  
As food distribution networks have been globalized, fish protein has become an essential nutrient 
component for the world population in that it serves more than 2.9 billion people and comprises around 
20 percent of total animal protein intake (FAO, 2014). Global fish demand has been steadily increasing 
due to a combination of population growth, rising incomes, and urbanization (FAO, 2014). The global 
demand for fish has been met by means of capture fisheries or aquaculture. However, fish production 
from capture fisheries has leveled off since 1990 due to either over-exploitation or depletion of fish stocks 
(FAO, 2008). To compensate for the gaps in fish supply, aquaculture production has been dramatically 
expanded and intensified at the fastest rate among the animal meat production sector in the period of 1970 
to 2015 as shown in Figure 1.1 (FAO, 2016; Bostock et al., 2008; Stickey and Treece, 2012; Nash, 2010), 
and the sector is recognized as an important factor for improving food security and raising nutritional 
standards in developing countries (Lehane, 2013).  
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Figure 1.1 World capture fisheries and aquaculture production with human population increase 
(FAO, 2000, 2011, 2016) 
 
Along with the rapid expansion and intensification of aquaculture, the sector has now become one 
of the most energy-intensive practices, mainly relying on fossil fuels (Costa-Pierce, 2010; Stickey and 
Treece, 2012). Particularly, energy use in the aquaculture sector is significant when compared with other 
forms of terrestrial animal food production. For instance, salmon cage aquaculture requires 50 kcal of 
fossil fuel energy input per 1 kcal of protein output, while energy requirements for chicken, swine, and 
beef are 34 kcal/kcal, 35 kcal/kcal, and 10 kcal/kcal, respectively (Costa-Pierce, 2010).  
 The main energy inputs in aquaculture are electricity and fuels (e.g., diesel and propane), which 
are needed for pumping, aeration, heating/chilling, wastewater treatment, transport, refrigeration, and 
processing (Martins et al., 2010; d’Orbcaste et al., 2009; FAO, 2006). Energy requirements in aquaculture 
vary widely depending on several factors, including farmed species, types of culture systems, production 
scales, and local climatic conditions (Papatryphon et al., 2004; Samul-Fitwi et al., 2013; Sun, 2009; 
Aubin et al., 2006; Colt et al., 2008; Grönroos et al., 2006; Larsson et al., 1994; Steward 1994; Bardach 
1980; Singh and Pannu 1998; Waldrop and Dillard, 1985; Ayer and Tyedmers 2009; Costa-Pierce, 2002, 
2010; Troell et al., 2004). For instance, low trophic level species (e.g., mussel and oysters) require less 
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energy inputs, while advanced culture systems, with high water quality requirements and stocking density 
(e.g., flow-through system and recirculating aquaculture system), demand higher energy inputs. Moreover, 
energy consumption for aquatic products using the same culture systems differs depending on local 
climatic conditions. For instance, shrimp aquaculture in Colombian ponds needs 70 kcal/kcal (Larsson et 
al., 1994), while shrimp aquaculture in Ecuadorian ponds requires 40 kcal/kcal (Costa-Pierce, 2010).  
 
1.2 Drivers to Energy Intensive Aquaculture Systems 
 It is expected that fish production using energy-intensive aquaculture systems will increase due to 
global climate change and decreased water availability (Swaminathan, 2012; Figure 1.2). First, current 
greenhouse gas emission levels due to fossil energy consumption are expected to cause climatic changes, 
which could negatively affect the global fish productivity in both capture fisheries and aquaculture 
(Cochrane et al., 2009; IPCC, 2007). For instance, higher inland water temperatures will cause a decrease 
in the availability of wild fish stocks by deteriorating water quality, bringing new pathogens or predators, 
and changing the wealth of food available to fish species (Cochrane et al., 2009). Second, increasing 
saltwater intrusion by rising sea levels will not only reduce the availability of groundwater but also lead to 
the collapse of mangrove ecosystems, which serve as nursery grounds for fish as well as supporting the 
continued existence of fish stocks in coastal waters (Sherif and Singh, 1999; Ellison and Stoddart, 1991). 
Also, the decrease in freshwater availability will damage freshwater fish productivity by reducing 
recruitment and stocks for capture fisheries and seed for aquaculture, respectively (Cochrane et al., 2009). 
These factors will continuously drive fish farmers to seek more reliable fish production systems, which 
guarantee high yields of aquatic products but requires greater energy inputs.  
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Figure 1.2 A linkage diagram of energy, water, and climatic change effects on aquaculture 
productivity 
 
 For instance, land-based Recirculating Aquaculture Systems (RAS) designed for high fish 
stocking density have continuously gained popularity in the U.S. because these systems are expected to be 
less affected by the impacts of climate changes than other types of fish production systems (USDA, 2005). 
Through physical and biological wastewater treatment, RAS allows operators to reuse water, which 
enables ideal conditions for farmed fish in order to obtain higher fish productivity (Heinen et al., 1996). 
Figure 1.3 shows an upward trend in the number of RAS at large economic scales (over $25,000) in the 
U.S., while the number of other major fish production systems (i.e., pond and flow-through) is decreasing. 
The increasing trend is attributed to the RAS’ advantages as well as geographical benefits by locating 
systems close to markets (Ayer and Tyedmers, 2009; EPA, 2008). This means the RAS industry will be 
further expanded and advanced to meet the gaps in the global fish supply. On the other hand, high energy 
requirements due to the incessant use of equipment (for pumping, aeration, and water treatment) is a 
major limitation of RAS (Badiola, et al., 2012). For instance, total energy use in salmon aquaculture using 
a RAS is 353 MJ per kg of salmon production, while total energy requirements in flow-through, floating 
bag, and net-pen systems are only 97.9 MJ/kg, 32.8 MJ/kg, and 26.9 MJ/kg, respectively (Ayer and 
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Tyedmers, 2009). In this regard, climate changes and energy-related issues (e.g., fossil fuel depletion 
and/or substantial rise in energy prices) will be key barriers to the development of the aquaculture 
industry in the future (Cai et al., 2010; Swaminathan, 2012). Thus, considering the increasing importance 
of aquaculture and the increasing trend toward energy-intensive aquaculture systems, the sector should 
find ways to reduce the fossil fuel dependence as much as possible and needs to consider sustainable 
energy supplies.  
 
(a) 
 
 (b) 
 
Figure 1.3 (a) Number of aquaculture farms with different production methods in the U.S. and (b) 
number of Recirculating Aquaculture Systems (RAS) with different economic scales in the U.S. 
(USDA, 2005) 
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1.3 Knowledge Gaps 
 To identify the sustainable energy systems for aquaculture, it is important to understand the 
current energy profile in the sector. There are several published studies on energy requirements of 
aquaculture systems. Colt et al. (2008) investigated the resource and energy requirements of six different 
types of hatchery systems for smolt production in the U.S. Pacific Northwest. The systems include (i) 
flow-through with a gravity water supply, (ii) with a pumped water supply, and (iii) with pure oxygen, 
and (vi) RAS with a partial reuse system, with (v) a heater, and (vi) with a total reuse system. Among the 
six systems, flow-through with a gravity water supply had the lowest energy requirement (117 MJ/kg of 
smolt production) while RAS resulted in high energy consumption (up to 567 MJ/kg of smolt production). 
Brown et al. (2009) estimated electrical energy requirements for both freshwater and marine aquaculture 
systems located in Taunton Bay, Maine. In their study, fish were reared in a controlled system, requiring 
constant pumping, monitoring, treatment, and climate control. The systems’ daily energy demand was 
approximately 15,000 MJ. Ioakemidis et al. (2013) proposed a framework for an energy audit in 
aquaculture, and applied it to a marine fish hatchery system for seabream and seabass production in 
Greece. The hatchery has both a RAS and a cage system, comprised of wastewater treatment, 
heating/cooling units, an oxygen supply unit, and a pumping station. Since young fish are moved from a 
RAS to be reared in a sea cage, the system required relatively less energy demand (2.4 MJ/kg of fish 
production).  
These studies addressed energy demands for the studied culture systems; however, the 
information is site specific and there is no systematic study investigating the effects of factors and 
stressors on energy requirements. With regards to energy costs, all these have pointed out the importance 
of using renewable energy sources in aquaculture to reduce overall energy costs.  
 In aquaculture research, renewable energy sources have mainly been discussed with a focus on 
technical or economic assessment within existing or simulated fish farms(s). Applebaum et al. (2001) 
demonstrated the use of a solar photovoltaic device to supply electricity to aeration units in fish ponds on 
the coast of Israel. Liu (2013) and Qin et al. (2005) demonstrated the use of a wind-driven water pumping 
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subsystem for a RAS in Hawaii. Boy and Lund (2003) reported the direct use of geothermal heat in 
fishpond and raceway aquaculture in the southeastern U.S. In addition to supplying energy, multi-
functional use of wind energy systems for offshore aquaculture has been described by focusing on 
floating offshore and wind turbine which act as a fish aggregating device or a strong cultivation structure 
(Buck and Krause, 2012). However, developments in geothermal and wind power systems for aquaculture 
are currently limited due to low overall conversion efficiency and economic drawbacks such as high 
capital costs (Xu and Zhuan, 2013). Recently, anaerobic digestion with aquaculture sludge has been given 
attention as an alternative energy supply method (Mirzoyan et al., 2010). It was estimated that biogas 
produced through anaerobic digestion with aquaculture sludge can offset up to 5 to 12% of total energy 
requirements in a RAS (Gebauer and Eikebrokk, 2006; Tal et al., 2009; Yogev et al., 2017).  
Previous technical or economic analysis provided a foundation for various applications of 
renewable energy sources in aquaculture with one particular kind of renewable energy source and culture 
system in a certain location; however, there is no decision support tool available which helps fish farmers 
select applicable renewable energy systems for their facilities with the consideration of culture species, 
culture systems, and locations based on both economic and environmental performances of renewables in 
aquaculture. Moreover, the risk of fish stock reduction due to temperature variation has not been 
incorporated into previous life cycle cost analyses for aquaculture.  
 
1.4 Rationale 
1.4.1 Renewables 
 As mentioned above, the future aquaculture industry will become more vulnerable to high energy 
requirements. This issue could be resolved either by improving energy efficiency or supplying energy 
through renewable sources (Lysen, 1996). The use of renewable energy has many benefits, including 
diversification of energy sources, wide availability, little to no greenhouse gas emissions during the 
operation, and suitability for small-scale and off-grid applications (UNDP, 2000). Further advantages are 
realized when one considers that these systems mostly operated at small scales while playing a pivotal 
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role in the economic and social welfare of rural communities that oftentimes lack widespread 
electrification (USDA, 2005; Stead and Goulletquer, 2002).  
 Previous studies on the applications of renewables for aquaculture have provided a foundation for 
renewable energy application in aquaculture (Applebaum et al., 2001; Boyd and Lund, 2003; Liu, 2013; 
Qin et al., 2005, Buck and Krause, 2012; Xu and Zhuan, 2013; Gebauer and Eikebrokk, 2006; Tal et al., 
2009; Leijon et al., 2010; Menicou and Vassiliou, 2010). However, it is still insufficient to draw a 
conclusion that renewables are the most cost-efficient and sustainable alternative for energy systems in 
aquaculture because their environmental and economic aspects have not been fully investigated 
(Ioakeimidis et al., 2013). Furthermore, the use of wind or geothermal energy for aquaculture energy 
systems still needs to be further studied to make them economically viable (Xu and Zhuan, 2013). Thus, 
this study will focus on the economic and environmental effects of two types of renewables, including 
solar energy and biogas, as a source of electricity and heat.  
 There are two studies discussing economic aspects of energy systems using solar energy and fish 
waste applied to aquaculture (Ronde et al., 2011; Ioakeimidis et al., 2013). Ioakemidis et al. (2013) 
calculated cumulative cash flows of solar photovoltaic installation and solar thermal installation at a 
marine fish hatchery station in Greece. Ronde et al. (2011) analyzed cumulative cash flows of a fish waste 
reuse system for energy and heat generation at a fish processing station with different scenarios. Previous 
studies, however, are limited to an economic assessment with one type of renewable source in a certain 
location. Moreover, no attempts have been made to compare the economic and environmental 
sustainability among various energy sources applicable for aquaculture.  
 
1.4.2 Life Cycle Assessment  
 Life Cycle Assessment (LCA) is a systems approach to evaluate the environmental burden from 
the entire life cycle of a product, process, or system to avoid problems shifting between stages. Although 
LCA is designed to provide information about environmental impacts through life cycles, this method can 
also assist in a decision-making process in many ways. Currently, this approach is often used to compare 
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environmental consequences of different products (Van der Vorst et al., 1999). In the decision-making 
context, LCA can help in selecting sustainable energy systems for aquaculture, aimed at reducing 
environmental impacts. Since 2004, several LCA studies have been conducted to evaluate environmental 
impacts of aquaculture system and/or aquaculture-related processes, so that they can provide 
recommendations for system improvements by identifying environmental impact hot spots. The 
environmental impacts factors in the past LCA studies included different feed compositions, food 
conversion ratio, various culture systems, and product quality (Papatryphon et al., 2004; Aubin et al., 
2006, 2009; Ellingsen and Aanondsen, 2006; Grönroos et al., 2006; Pelletier and Tyedmers, 2007, 2009; 
Ayer and Tyedmers, 2009; d’Orbcastel et al., 2009; Iribarren et al., 2010). Papatryphon et al. (2004) 
conducted an environmental impact assessment for fish feed production processes with different feed 
compositions, including high fish meal, high by-product, low fish meal, and no fish meal. Aubin et al. 
(2006) assessed the environmental impacts of nutrient emissions from a turbot farm and related processes. 
In Aubin et al. (2009), environmental impacts of various carnivorous finfish production systems were 
assessed and compared. The systems included a flow-through system of rainbow trout in France, marine-
based cage ages for sea-bass production in Greece, and a RAS for turbot production in France. Ellingsen 
and Aanondsen (2006) investigated the environmental consequences of Norwegian cod fishing and 
salmon farming, and compared these with chicken farming using the LCA method. Grönroos et al. (2006) 
evaluated energy consumption and environmental impacts of a rainbow trout farm with consideration of 
different feeds and feed conversion ratios. Pelletier and Tyedmers (2007) reviewed environmental impact 
categories used in published LCA research of aquaculture and fisheries. Moreover, Pelletier and 
Tyedmers (2009) compared environmental impacts of fish farms located in Norway, the United Kingdom, 
Canada, and Chile. Ayer and Tyedmers (2009) investigated a shift of an environmental impact profile 
from a conventional net-pen culture system to three alternative production systems, including a RAS, a 
flow-through system, and a floating bag system. d’Orbcastel et al. (2009) compared environmental 
impacts of two trout farming systems, using a RAS and a flow-through system that are located on the 
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same site. Iribarren et al. (2010) performed a comparative LCA of the three commercial mussel products; 
fresh mussels, canned mussels and frozen mussels. 
 Although LCA is a useful tool to assess environmental impacts, economic aspects are still a 
primary consideration in a decision-making process. Life Cycle Cost Analysis (LCCA) is the application 
of life cycle thinking to economic analysis, which evaluates the total cost of an asset over its service life 
including initial costs, operation, maintenance and repair (OM&R) costs, end-of-life handling costs. 
Currently, several LCCA studies on fish production have been conducted. Ingrid (2009) performed LCCA 
to compare fishing vessel investment options, while Williams (2010) carried out LCCA on packaging 
options for transporting fresh fish products in the United Kingdom. LCCA on aquaponics production has 
been conducted in different locations, including the U.S. (Tokunaga et al., 2015; Quagrinie, et al., 2018), 
Canada (Savidov et al., 2007), and Australia (Ruspasinghe and Kennedy, 2010). Hossain and Chakraborty 
(2017) compared economic performance of freshwater prawn farming with different feed compositions, 
while Das et al. (2017) performed LCCA to assess economic feasibility of pen aquaculture with various 
pen sizes. However, no LCCA studies considered the economic impacts of various alternative energy 
systems in aquaculture.  
 
1.5 Research Objectives and Tasks 
 Overall, the LCA and LCCA studies mentioned above are mainly focused on the assessment of 
environmental impacts of production systems or related processes of aquatic products to identify hotspots 
and key leverage points for improvement of an environmental or economic profile in aquaculture. 
However, there is still a lack of knowledge in applying LCA and LCCA for the decision-making process 
to improve the sustainability of aquaculture energy systems. In this regard, a decision support tool, which 
allows both LCA and LCCA, will be useful to compare the sustainability performance among various 
energy systems in this field. Moreover, there is a need to develop a new LCCA framework with 
consideration of aquaculture related issues (e.g., massive fish deaths due to cold weather). 
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 In this study, therefore, a decision support tool was developed, which enables the decision maker 
to assess both environmental and economic performances of various renewable and conventional energy 
systems applicable for aquaculture. This tool was used to identify sustainable energy systems considering 
various geographical and economic contexts, and to investigate critical ranges of required technological 
and economic improvements for renewables to achieve the best sustainability performance among 
alternative energy sources in the context of aquaculture. As a part of the decision support tool, an energy 
intensity model was developed to predict the required energy intensity of different forms of aquaculture. 
In addition, economic contributions of renewables (i.e., solar hot water system) for aquaculture were 
quantified through LCCA with the incorporation of risk assessment.   
 The overall goal of this dissertation was to increase the sustainability of energy systems in 
aquaculture through the development of a multi-criteria decision support tool. The three research 
questions that guided this dissertation are listed below along with the hypotheses and tasks: 
1. What will be the major influence factors affecting the energy requirements in aquaculture? 
▪ Hypothesis 1: Fish species, types of operating systems, sizes of systems, and local weather 
conditions are the major factors influencing the energy requirements in aquaculture. 
o Task 1: Investigate the influence of aquaculture-related variables on energy demands in 
aquaculture. 
2. How will a solar hot water system impact on the economics of aquaculture? 
▪ Hypothesis 2: Implementation of a solar hot water system for aquaculture will bring about 
economic benefits through reduced economic risk of fish loss. 
o Task 3: Quantify real economic contributions of the use of solar hot water systems with the 
consideration of the risk of fish stock reduction.  
3. What are the key factors in selecting sustainable energy systems in aquaculture? 
▪ Hypothesis 3: The key factors in selecting the sustainable energy systems will be daily solar 
radiation, average water temperature, availability of renewable energy incentive programs, and 
local energy prices.  
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o Task 2: Design a decision support tool which allows LCA and LCCA of energy systems applied 
for aquaculture.  
o Task 4: Conduct an LCA and LCCA of various energy systems with different scenarios, and 
identify key factors for the selection of a sustainable energy system as well as critical ranges of 
the factors required for achieving the best economic and environmental sustainability 
performance of renewables among alternative energy sources in aquaculture.  
This study can provide useful insights for developing aquaculture in a sustainable manner by 
assessing potential environmental and economic impacts of energy supply decisions, and by promoting 
the most sustainable energy options within the context of aquaculture.  
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CHAPTER 2: MODELING OF ENERGY INTENSITY IN AQUACULTURE: FUTURE ENERGY 
USE OF GLOBAL AQUACULTURE (TASK 1) 
2.1 Introduction 
As the current world population is expected to reach approximately 8.2 billion by 2025, food 
production sectors will expand to meet the increasing demand (UN, 2015). However, feeding the 
expected world population without depleting natural resources and damaging the environment is a grand 
challenge because food production sectors have grown at the expense of resources, especially fossil 
energy (Cao et al., 2013; Delagado et al., 2003; Msangi et al., 2013; Pfeiffer, 2009). Therefore, one of the 
major research foci in food production sectors is to overcome the current dependence on fossil fuels 
(Bundschuh, et al., 2017).  
As one of the important food sectors, global aquaculture has been rapidly expanded and 
intensified at the fastest rate among the animal meat production in the period of 1970 to 2004 (Bostock et 
al., 2008; FAO, 2008; Nash, 2011; Stickney, 2010). According to FAO (2014), fish protein serves more 
than 2.9 billion people and comprises around 20 percent of total animal protein intake. The major energy 
sources used in aquaculture production are electricity and fuels (e.g., diesel and propane), which are 
required for pumping, aeration, heating/chilling, wastewater treatment, transport, refrigeration, and 
processing (d’Orbcastel et al., 2009; Kim and Zhang, 2015; Martins et al., 2010). Due to globalization and 
intensification of food production, the aquaculture sector has become one of the most energy intensive 
practices in the food production (Costa-Pierce, 2012; Stickney, 2010). For instance, seabass cage 
aquaculture requires 67 kcal of fossil fuel energy input per 1 kcal of protein output, while energy 
requirements for chicken and swine are only 34 kcal/kcal and 35 kcal/kcal, respectively (Costa-Pierce, 
2012). Considering the important role of aquaculture, energy use by the sector will continuously increase
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as more advanced aquaculture systems are developed to meet the ever-increasing global fish demand 
(Costa-Pierce, 2012; Turcios and Papenbrock, 2014; USDA, 2005). In addition, as energy intensity (i.e., 
energy input per kg product) and energy use in aquaculture increase, the economic viability of the sector 
could become vulnerable to increasing energy prices and energy price volatility (Pelletier et al., 2014). It 
is therefore essential to understand the current status of energy use in aquaculture, and to find strategies 
for the sector to maximize productivity as well as reduce its energy intensity.  
In aquaculture, energy intensity varies widely depending on farmed species or the natural trophic 
level of species (Figure A.1 in Appendix A), culture system intensity (i.e., extensive, semi-intensive and 
intensive), culture technology, scale of production, and local conditions (Cao et al., 2013; Troell et al., 
2004). Several studies assessed the energy use of aquaculture based on estimated field data or theoretical 
calculations. Troell et al. (2004) investigated energy inputs to aquaculture operations in various forms of 
fish farms, and compared them to the energy inputs in other forms of agriculture. Pelletier et al. (2014) 
summarized energy intensities to produce various species from aquaculture and fisheries, and discussed 
on the vulnerability of seafood products to energy price changes. Colt et al. (2008) reported the resource 
and energy requirements of various types of hatchery systems for smolt production in the U.S. Pacific 
Northwest. They reported that a Flow-Through (FT) system with a gravity water supply had the lowest 
energy requirement (117 MJ/kg), while a Recirculating Aquaculture System (RAS) with a heating device 
resulted in higher energy consumption (567 MJ/kg). Jerbi et al. (2012) compared energy demands 
between a traditional raceway and a cascade raceway for seabass rearing in the east cost of Tunisia. They 
reported that a traditional raceway was less energy demanding (175 MJ/kg) than a cascade raceway (280 
MJ/kg) due to lower energy requirements in water pumping and aeration during the rearing phase. Based 
on theoretical calculations, Grönroos et al. (2006) assessed energy use of rainbow trout cultivated in 
Finland with different farming methods, resulting in a higher energy requirement of a land-based farm 
compared to marine-based farms (e.g., funnel and cage). Pelletier and Tyedmers (2010) compared energy 
use between intensive lake-based systems and pond systems in Indonesia, concluding that higher energy 
inputs in the pond system mainly due to the need for aeration. In these studies, estimated energy inputs 
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were utilized for comparison either among various forms of aquaculture or with other forms of agriculture. 
However, no studies examined the influence of combined aquaculture factors (e.g., culture species, 
technology, local climate) on the energy intensity of aquaculture operations. 
As mentioned above, most of the information on energy requirement in aquaculture is based on 
field data using different approaches and assumptions. However, the characterization of energy intensity 
using field data can be sometimes inaccurate, because energy data are not collected in a systematic way 
with consideration of temporal variations on a daily or yearly basis (e.g., variations of feeding and 
management practices, stocking densities) (Badiola et al., 2017; Cowey and Cho, 1991; Ioakemidis et al., 
2013). In addition, the existing information is specific to cultivated species, culture systems, and 
geographical conditions, making it difficult to compare the energy intensities of different forms of 
aquaculture across the studies (Colt et al., 2008; Troell et al., 2004). Thus, there is a need to investigate 
the effects of aquaculture factors on energy intensity systematically.  
To assess the effects of aquaculture factors on energy intensity, a modeling approach can be used. 
In aquaculture, several mathematical models have been developed and applied to evaluate effluent 
characteristics (e.g., nitrogen and phosphorous concentrations) from various fish farms (Cho and Kaushik, 
1990; Cowey and Cho, 1991; Liao, 1970; Liao and Mayo, 1974; Willoughby et al., 1972). The models 
have been effectively used for farm authorization, taxation, and monitoring (Papatryphon et al., 2005) and 
have saved cost, time, and labor required for water sampling. Likewise, a modeling of energy intensity of 
aquaculture can help understand energy use of the various aquaculture practices considering the culture 
species, culture system and method, and geographical contexts. Furthermore, it can be applied to 
investigate the strategies for reducing the energy intensity of future aquaculture.   
Therefore, this study aims to evaluate the energy intensity and energy use in aquaculture through 
a modeling approach with the consideration of culture species (represented by natural trophic level), 
culture system intensity, culture technology, and climate. The developed model was applied to investigate 
energy use profiles of current and future global aquaculture under various growth and climate scenarios.  
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2.2 Methodology 
2.2.1 Model Development 
2.2.1.1 Model Indicator Selection 
Aquaculture is a highly diverse activity, producing fish, mollusks, crustaceans, and aquatic plants 
in fresh, brackish, and marine waters with a variety of technologies. Choice of species influences energy 
requirement because each species requires different environmental characteristics, such as water 
temperature (Pelletier et al., 2014; Troell et al., 2014). Also, feed conversion ratios and nutritional 
requirements, which are species-specific, could influence overall energy demands, especially in intensive 
fed aquaculture systems (Pelletier and Tyedmers, 2010). The nutritional requirement can be directly 
related to the natural trophic level of species because low trophic level species often require less 
processed feed (Pelletier et al., 2014). Based on these facts, Henriksson et al. (2012) suggested a positive 
correlation between the energy intensity and the natural trophic level of the farmed species.  
Culture system intensity (e.g., intensive, semi-intensive, and extensive systems) and culture 
technology can also be important factors for determining the energy requirements in aquaculture. 
Typically, intensive farming systems are constructed with tanks, ponds, and cages, and they can be 
characterized by high stocking densities, high energy inputs, heavy chemical and artificial feed inputs, 
and low labor inputs (Pelletier et al., 2014; Troell et al., 2004). On the other hand, semi-intensive and 
extensive farming systems have relatively lower stocking densities, less operational energy, and artificial 
feed inputs. Pelleteir and Tyedmers (2007) found that energy costs are often positively correlated with the 
culture system intensity.  
In addition, larger fish farms may be able to use their equipment more efficiently than smaller 
farms due to the economies of scale in energy use, resulting in lower energy cost per yield (Troell et al., 
2004). However, most of the collected literature and reports did not provide scale information because 
this information was proprietary. As a result, the scale of production was not considered as an indicator in 
the model.  
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Apart from the aquaculture-related factors, local climate conditions can also be a determinant 
factor for estimation of the energy demand, because environmental factors (e.g., source water temperature, 
ambient temperature, and solar insolation levels) can affect energy demands (Kim and Zhang, 2017; 
Pelletier et al., 2011). For instance, shrimp aquaculture in Columbian ponds needs 70 kcal/kcal (Larsson 
et al., 1994), while shrimp aquaculture in Ecuadorian ponds requires 40 kcal/kcal (Costa-Pierce, 2010).  
Based on the information above, in this study, the four factors (i.e., species, culture system 
intensity, culture technology, and climate) were selected as possible indicators to characterize the energy 
intensities of various forms of aquaculture, and their significances were tested using a statistical approach.  
 
2.2.1.2 Regression Analysis 
Figure 2.1 describes a flowchart of developing a regression model in this study. In the pre-
processing step, data on energy use were collected from existing literature and technical reports. 
Information on the natural trophic level of aquaculture species was obtained from literature (Talberth et 
al., 2006; Pauly and Chrstense, 1995). Since most of the explored literature and reports presented energy 
use as a direct energy input, direct energy input per kg fish produced was used to measure energy 
intensity. Data without all information needed for the considered predictors were disregarded. The 
collected energy use data were summarized in Table A.1 in Appendix A. In the model development step, 
each indicator variable was centered and scaled with its mean and standard deviation, respectively. If 
necessary, observations (i.e., energy intensity) were transformed by the Box-Cox transformation approach 
to minimize error terms in the fitted model (Kutner et al., 2004). Also, interaction and curvature effects 
among the indicators were investigated and included if their effects were statistically significant. Extreme 
outliers were identified and deleted by analyzing leverage, Cook’s distance, DFFITS, and DFBETAS. For 
model’s reliability, the model-building data excluding outliers contain more than 10 times the number of 
predictor variables (Kutner et al., 2004). The goodness of fit of a model was measured based on the 
statistical significance (e.g., adjusted R2). To evaluate the appropriateness of the fitted model, plots of 
residuals against predictor variables and expected values were analyzed as described by Mitchell (1977).  
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Figure 2.1 A flowchart for determining the final regression model 
 
Additional new data were collected for testing the model’s predictability. Among them, three data 
were obtained from existing facilities in Florida, which were an intensive RAS and an extensive RAS 
(aquaponics) for red drum production in Sarasota (Kim et al., 2015; Boxman, 2017), and an intensive 
RAS (aquaponics) for tilapia production in Lakeland (Kim et al., 2015), respectively. Through interviews 
with local farm managers, daily energy consumptions in the existing facilities were estimated based on 
installed equipment (e.g., pumps, blowers) and operating hours. The root mean square error (< 0.2) was 
used as a statistical indicator for the model validation. 
 
2.2.2 Current and Future Global Aquaculture Production and Distribution 
Geographic Information System (GIS) data for current global aquaculture distribution and 
climates were obtained from the National Aquaculture Sector Overview (NASO) map and the Köppen-
Geiger climate classification map (Kottek et al., 2006; NASO, 2012; Rubel and Kottek, 2010), 
respectively. The NASO map is a GIS tool published by Food and Agriculture Organization (FAO), and 
illustrates geographical distribution of aquaculture, including the geographical locations of individual 
farms, culture species, technology used, systems intensity, environments, farm production, except for 
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energy consumption. Currently, the NASO map provides data for 21 countries, including major 
aquaculture producers of China, Chile, Bangladesh, Japan, and so on. However, some major fish 
producing countries (e.g., India and Indonesia) were not included in the study due to a lack of available 
data from the NASO map.  
The Köppen-Geiger climate classification map is a world map based on temperature and 
precipitation observations for the period of 1951 to 2000, depicting a world climate with 5 climate classes 
of tropical, arid, temperate, cold, and polar climates. To facilitate the climate data as an indicator for the 
energy intensity model, the 5 climate classes were re-grouped into a warm climate zone (arid, tropical, or 
temperate) and a cold climate zone (cold or polar) (Figures A.2-3 in Appendix A). The collected global 
aquaculture information from the NASO map was categorized with combined factors of culture species, 
culture technology, culture system intensity, and climate as listed in Table 2.1. Based on the categorized 
global aquaculture data, energy use of current global aquaculture was estimated using the energy intensity 
model developed in this study.  
 
Table 2.1 Category of model indicators, symbols, and descriptions 
Categories Symbols Descriptions 
Climate 
W Warm climate 
C Cold climate 
Culture system intensity 
E Extensive or semi-intensive 
I Intensive 
Species: 
Natural trophic level  
L Low trophic level (˂ 3) 
H High trophic level (≥ 3) 
Culture technology 
M Marine-based technology 
P Pond 
L Land-based technology 
 
To investigate future energy use profiles in aquaculture, five global aquaculture growth scenarios 
were adapted from Delagado et al. (2003) and Msangi et al. (2013). The first scenario assumed all 
aquaculture would be equally expanded as business as usual (baseline). The second scenario considered 
the accelerated growth of aquaculture with efficient and intensive fish production technologies in all 
countries due to global information sharing. In contrast to the second scenario, the growth of aquaculture 
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was assumed to be delayed in developing countries (the third scenario). This is because the new 
production technologies require skilled experts and fish farmers in developing countries cannot afford to 
adopt the cost-intensive new technologies. China has currently the largest share of aquaculture production 
(FAO, 2014), and it would greatly influence energy use in global aquaculture. Therefore, the fourth 
scenario considered that fish demand in China would be more aggressively increased so that more 
intensive systems would be needed to meet the increasing fish demand. The fifth scenario considered the 
global expansion of some innovative RASs, such as integrated RASs with ecosystems for wastewater 
treatment and aquaponics (Turcios and Papenbrock, 2014). These systems are categorized as extensive 
land-based systems in this study. More details on the aquaculture growth scenario are discussed in A.1-7 
in Appendix A. 
Table 2.2 describes key assumptions for the five scenarios. Total future aquaculture production 
was assumed to be the same across the scenarios. Except for the baseline scenario, the scenarios 2 to 4 
included various cases with different assumptions related to the natural trophic level of culture species 
and culture technology. For instance, scenario 2 (faster expansion with intensive culture systems) had 9 
different cases, including an increase in all intensive systems, an increase in intensive systems to raise 
high trophic level species with all types of culture technologies, an increase in intensive systems to raise 
high trophic level species with only one culture technology (marine-based, land-based, or pond), an 
increase in intensive systems to raise low trophic level species with all types of culture technologies, and 
an increase in intensive systems to raise low trophic level species with only one culture technology 
(marine-based, land-based, or pond). Similarly, scenarios 3 (slower expansion with extensive or semi-
intensive culture systems), 4 (increase in intensive culture systems in China), and 5 (i.e., integrated 
extensive land-based aquaculture expansion scenario) included 81, 9, and 3 different cases, respectively. 
Energy use in aquaculture for all cases was investigated.  
 
 
28 
 
Table 2.2 Scenarios of global aquaculture development to 2025 
Scenarios Descriptions Key assumptions Variables used for cases 
 1: 
Baseline 
Aquaculture grows as 
usual 
• Aquaculture grows as usual in all 
regions 
 
2: Faster 
expansion  
Faster aquaculture growth 
with a technological 
progress 
• Information on technology is 
shared across the world. 
• Fish farmers worldwide would 
prefer intensive systems to 
extensive or semi-intensive 
systems due to higher production 
yields (3% annual growth rate 
assumed). 
• Natural trophic level of 
species 
• Culture system intensity 
• Culture technology 
3: Slower 
expansion 
Slower aquaculture growth 
• Sharing of information on 
technology across the world is 
delayed. 
• Extensive or semi-intensive 
systems would be more preferred 
in developing countries (1% 
annual growth rate assumed). 
• Intensive systems would be more 
preferred in developed countries 
(1% annual growth rate 
assumed). 
• Natural trophic level of 
species 
• Culture system intensity 
• Culture technology 
4: China 
Fish demand in China 
more aggressively 
increases 
• Increase in intensive systems in 
China (3% annual growth 
assumed). 
• Natural trophic level of 
species 
• Culture system intensity 
• Culture technology 
5: 
Integrated 
extensive 
land-based 
system 
expansion 
Innovative and 
environmentally friendly 
growth 
• Increase in integrated extensive 
land-based systems worldwide 
(30% of fish demands in each 
region are met by the extensive 
land-based systems). 
• Other assumptions are the same 
as baseline. 
• Natural trophic level of 
species 
Note: The aquaculture growth scenarios were adapted from Delagado et al. (2003) and Msangi et al. (2013). An annual growth 
rate for the baseline scenario was obtained from Delagado et al. (2003) and Msangi et al. (2013), while annual growth rates for 
alternative scenarios were assumed in this study. 
 
In addition to the growth scenarios, global climate change is also expected to influence energy 
use in aquaculture (Isaac and van Vuuren, 2009). Therefore, along with the aquaculture growth scenarios, 
two distinctive climate change scenarios (A1F1 and B1) for the period of 2001 to 2025 were adapted from 
Rubel and Kottek (2010). Scenario A1F1 assumes a world with fast economic growth (fossil fuel 
intensive) and a quick emergence of new and efficient technologies, leading to the greatest shift of 
climate zones (about 6.3% increased coverage of warm climate zones). On the other hand, scenario B1 
considers a world with the implementation of clean technologies, which results in the least shifts of 
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climate zones (only 2.8% increased coverage of warm climate zones). The distribution of climate zones 
for scenarios A1F1 and B1 were available as GIS maps. Therefore, along with the growth scenarios, the 
GIS maps for scenarios A1F1 and B1 were utilized to investigate future global aquaculture distribution 
under different climate conditions and their energy intensities as a result of climate change. 
 
2.3 Results and Discussion 
2.3.1 Energy Intensity Model 
For model development, data were collected from 19 countries within tropical, arid, temperate, 
and cold climate zones, 15 different species including salmon (25%), trout (14%), carp (14%), tilapia 
(11%), catfish (8%), shrimp (8%), polyculture (carp, tilapia, mullet, and catfish; 7%), bass (3%), rohu 
(3%), eel (1%), oyster (1%), perch (1%), prawn (1%), and mussel (1%), 7 culture technologies including 
ponds (40%), RAS (23%), cage (19%), FT systems (12%), net-pen (3%), long-line (1%), and funnel (1%). 
The majority of the production systems in the data set were intensive systems (66%), followed by 
extensive (5%), and semi-intensive (4%) systems, respectively. In terms of climates, aquaculture within 
warm climate zones (tropical, arid, and temperate) accounted for 91.3% while the rest (8.7%) were within 
cold climate zones (cold and polar).  
Data quality varied in terms of scope, reliability, and accuracy. Fourteen out of total 106 data 
points were disregarded due to poor data quality and inaccuracy. Ninety-two data points were initially 
used as a training set and 25 data points were utilized for model validation. During the model 
development, outliers were detected and deleted to improve the predictability of the regression model. No 
significant interaction and quadratic effects were identified. As a result, the fitted regression model was 
developed with 42 data points which is greater than 10 times the number of predictor variables in the 
model. The established regression model is provided in Eq. 2.1.  
               𝐸𝐼 = (0.3662 − 0.03729 𝑁𝑇𝑆 − 0.09105 𝐶𝑆𝐼 − 0.0427 𝐶𝑇 −  0.03754 𝐶)−2       Equation 2.1 
where EI is the energy intensity as MJ/kg produced, NTS is the natural trophic level of species (high 
trophic level =1 and low trophic level = 0), CSI is the culture system intensity (intensive = 1 and semi-
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intensive or extensive = 0), CT is the culture technology (land-based RAS or FT = 3, Pond = 2, and 
marine-based technologies = 1), and C is the climate (cold climate =1 and warm climate = 0). 
All of the indicator variables were statistically significant at a 0.05 significance level (Table 2.3). 
Diagnostic residual plots against fitted values and a normal probability plot can be found in Figure A.4 in 
Appendix A. Figure 2.2 indicates that predicted energy intensity values agree well with observations, 
showing the root mean square error and the normalized root mean square error of 0.08 and 0.18, 
respectively. Also, the adjusted R2 value is 0.97. As shown in Figure 2.2, the model tends to 
underestimate energy intensity for systems with only a growout unit (i.e., empty and red circles in the 
figure) and overestimate energy intensity for the systems with both hatchery and growout units (i.e., blue 
circles in the figure). This may be because most of the data used for model development did not clearly 
distinguish whether the energy inputs are used for the systems with only a growout unit or for both 
hatchery and growout units. Additional data which contain detailed energy use information for both 
hatchery and growout units may improve the model’s predictability for different systems. The established 
model was used to predict the energy intensity of aquaculture under various culture conditions. 
Table 2.3 Sum of square, mean square, F value, and P value for all the selected indicators and 
residuals 
Source Sum of square Mean square F value P value 
Regression 0.11 0.026 17 7.8E-08 
  Natural trophic level of 
species 
0.044 0.044 6.2 0.017 
  Culture system intensity 0.013 0.013 14 0.00074 
  Culture technology 0.036 0.036 29 3.9E-06 
  Climate 0.011 0.011 7.0 0.012 
Residuals 0.059 0.0016   
  Lack of Fit 0.014 0.0021 1.4 0.23 
  Pure Error 0.044 0.0015   
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Figure 2.2 Comparison between actual energy intensity and predicted energy intensity for newly 
collected data (n=25) (RMSE: the root mean square error; NRMSE: the normalized root mean 
square error; the diagonal represents perfect agreement between predicted and actual data; Field 
data were collected from existing facilities in Florida)   
 
2.3.2 Energy Use of Aquaculture    
2.3.2.1 Energy Use of Current Global Aquaculture 
The global distribution of current major aquaculture (i.e., fish production is over 5% of the total 
global aquaculture production) is shown in Figure 2.3, in terms of climate, culture system intensity, 
natural trophic level of species, and culture technology. Most of the aquaculture practices are performed 
in warm climates using extensive or semi-intensive culture systems (34,954,460 metric tons, 72% of total 
global aquaculture production). In warm climate regions, a total of 7,953,839 metric tons (i.e., 16% of 
total global aquaculture production) are produced using intensive culture systems as a major culture 
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system of the regions, including the United States (232,635 metric tons, 52%), Angola (159 metric tons, 
54%), Peru (28,083 metric tons, 65%), Colombia (44,088 metric tons, 70%), Chile (642,089 metric tons, 
74%), Bangladesh (699,910 metric tons, 76%), Thailand (937,188 metric tons, 79%), Italy (150,702 
metric tons, 87%), Oman (175 metric tons, 88%), Japan (1,110,284 metric tons, 99%), and Malta (4,450 
metric tons, 100%). On the other hand, a relatively small amount of fish production is found in cold 
climate (only 12% of total global aquaculture production), which is mostly located in China, Canada, and 
the U.S. Among them, about 93% is produced from extensive or semi-intensive culture systems.  
 
 
Figure 2.3 Global aquaculture sites with the combination of indicators (Note: Others indicates 
aquaculture sites produce less than 5% of the total global production.) 
 
Table 2.4 shows aquaculture production and estimated energy use of current global aquaculture 
by culture cases (i.e., the combined model indicators, for example, WELP represents warm climate (W) 
extensive or semi-intensive systems (E) for low trophic level species (L) using pond (P) technology). 
Annual energy use and production of aquaculture were approximately 720,991 TJ and 48,707,952 metric 
tons, respectively. Since these data did not include some large aquaculture producing countries (e.g., India, 
Indonesia, and Vietnam), the estimated total global aquaculture production was much less than world total 
aquaculture production reported by FAO 2014, which was 73,783,725 metric tons. Also, the NASO map 
Esri, DeLorme, GEBCO, NOAA NGDC, and other contributors, Sources: Esri, GEBCO, NOAA, National
Geographic, DeLorme, HERE, Geonames.org, and other contributors
Others
WELM
WELP
WEHP
WILP
CELM
W: Arid, Temperate, or Tropical climate
C: Cold or Polar climate
E: Extensive or Semi-intensive
L: Low trophic level species
H: High trophic level species
M: Marine-based
P: Pond
±
0 2,100 4,200 6,300 8,4001,050
Miles
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may not reflect all of the fish production capacity from each country as it mainly relies on voluntary 
participation of fish farmers. As a result, the amount of aquaculture production from China estimated in 
this study (42,669,806 metric tons) was lower than the annual fish production from China (45,468,960 
metric tons) reported by FAO (2014). Although the NASO map data does not represent the exact fish 
production capacity from each country, the information was still useful as a basis to estimate energy 
intensity of global aquaculture using the model developed in Section 2.3.1.  
Table 2.4 Annual production and energy use of current global aquacutlure (1 TJ = 106 MJ) 
Cases Production (tonnes/yr) (%) Energy Intensity (MJ/kg) Energy use (TJ/yr) 
WELP 16,086,315 33 12.7 204,017 
WELM 16,074,537 33 9.56 153,599 
WILP 4,946,129 10 27.8 137,381 
CELM 3,681,207 7.6 12.2 45,016 
WEHP 2,480,157 5.1 16.9 41,825 
CELP 1,641,198 3.4 16.9 27,734 
WIHM 1,031,894 2.1 26.3 27,093 
WIHP 555,783 1.1 43.0 23,912 
WILM 1,199,448 2.5 18.5 22,199 
CILP 181,602 0.37 43.1 7,839 
CIHM 175,439 0.36 40.2 7,061 
WILL 149,437 0.31 46.3 6,912 
WIHL 72,048 0.15 83.0 5,981 
CEHP 99,960 0.21 23.6 2,356 
CIHP 30,069 0.062 75.7 2,277 
WELL 124,762 0.26 17.6 2,201 
WEHM 140,580 0.29 12.2 1,716 
CIHL 5,119 0.011 192 981 
CELL 21,206 0.044 24.9 527 
WEHL 5,941 0.012 24.8 147 
CILL 1,698 0.0035 83.4 142 
CILM 2,032 0.0042 26.3 53 
CEHM 1,391 0.0029 16.2 22 
CEHL 0 0 37.5 0 
Total 48,707,952 100 
 
720,991 
Note: W: warm climate, C: cold climate, I: intensive: E: semi-intensive or extensive, H: high natural trophic level species, L: low 
natural trophic level species, P: pond, L: land-based, and M: marine-based. 
 
According to Table 2.4, intensive land-based culture systems for high trophic level species 
production under cold climate (i.e., CIHL) have the highest energy intensity (192 MJ/kg) due to the high 
energy requirement for heating and operation of equipment to maintain intensive culture conditions under 
cold weather. On the other hand, due to less energy use for heating and farm operation, extensive or semi-
intensive marine-based culture systems for low trophic level species production under warm climate (i.e., 
WELM) have the lowest energy intensity (9.6 MJ/kg). 
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Despite the low energy intensity (12.7 MJ/kg), extensive or semi-intensive pond systems to raise 
low trophic level species in a warm climate (WELP) have the highest energy use (204,017 TJ/yr) due to 
the largest production scale, which accounted for approximately 33% of the total global aquaculture 
production. For the same reason, WELM (i.e., extensive or semi-intensive systems for production of low 
trophic level species in warm climate using the marine-based technology) has the second highest energy 
use (153,599 TJ/yr). On the other hand, WILP (i.e., intensive pond systems for production of low trophic 
level species under warm climate) produces only 10% of the total global aquaculture production, but has 
the third largest energy use (137,381 TJ/yr), due to the higher energy intensity requirement in intensive 
farming than extensive farming.  
Based on the results, energy use of current global aquaculture was found to be strongly influenced 
by the use of extensive marine-based technologies or ponds. Due to their low energy intensities, 
aquaculture is often considered as a low energy consuming practice, compared to other energy intensive 
industries (Schnepf, 2004). However, total energy use in aquaculture will further increase since global 
fish demand will continuously rise as the world population increases. According to FAO (2016), global 
fish demand is projected to increase at about 3% per year over the period from 2017 to 2025. To meet the 
increasing global fish demand, aquaculture systems may change to be more intensive and mechanized to 
maximize production efficiency (Henriksson et al., 2014). For instance, intensive land-based RAS have 
been rapidly increasing in the United States (USDA, 2014). However, such systems require large energy 
inputs mainly due to pumping, heating/chilling, and wastewater treatment. On the other hand, the 
expansion of extensive culture systems (less energy intensive) was not recommended due to its side 
effects, such as the transformation of mangrove areas (Henriksson et al., 2014). Considering these 
constraints, aquaculture has to find a way to maximize productivity in an energy efficient and 
environmentally friendly way.  
Recently, an integration of natural systems (e.g., wetlands and mangroves) or hydroponics with 
intensive culture systems has gained attention as an alternative RAS (Turcios and Papenbrock, 2014; 
Boxman, 2017). The systems can produce fish as much as the typical land-based intensive RASs, while 
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require lower energy inputs by relying on natural systems for wastewater treatment. This type of systems 
can be categorized as extensive land-based systems (i.e., -E-L) in Table 2.4, which accounted for only 
0.32% of total global aquaculture production. When comparing energy use between extensive and 
intensive land-based culture systems, intensive land-based culture systems have energy use about 5 times 
larger (14,016 TJ/yr) than that of extensive land-based culture systems (2,875 TJ/yr), although the 
production scale of intensive land-based culture systems is only about 1.5 times greater. This means a 
considerable amount of energy use can be saved by reducing the energy intensive culture systems or 
replacing them with more energy efficient culture systems. 
In addition to energy use, the choice of aquaculture system can result in different environmental 
impact consequences. For instance, intensive shrimp farming systems showed almost twice environmental 
impacts than semi-intensive farming, mainly due to higher energy use and higher nutrient concentration in 
effluents (Cao et al., 2011). On the other hand, land-based RAS had lower environmental impacts than 
marine-based culture systems (e.g., net pen) in eutrophication emission and biodiversity conservation 
(Cao et al., 2013). Considering this, global aquaculture should be expanded in energy efficient and 
environment friendly ways.  
 
2.3.2.2 Energy Use of Current Global Aquaculture by Regions 
Figure 2.4 shows the fish production, energy use, and energy intensity of major aquaculture 
practices in each region. More details on annual fish production from each country can be found in Figure 
A.5 in Appendix A.  
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Figure 2.4 Compositions of production and energy use (bars) by country or country group, and 
energy intensity (red diamond symbols) (Note: Below table shows annual production and energy 
use; Aquaculture abbreviations include climate in W: warm climate and C: cold climate, culture 
system in I: intensive and E: semi-intensive or extensive, culture species in H: high natural trophic 
level species and L: low natural trophic level species, and culture technology in P: pond, L: land-
based, and M: marine-based; Country or country group abbreviations include NAM: North 
America, LAC: Latin America and Caribbean, ECA: Europe and Central Asia, JAP: Japan, MNA: 
Middle East and North Africa, AFR: Sub-Sahara Africa, SAR: South Asia Region, SEA: Southeast 
Asia, and CHN: China.) 
 
In terms of the energy intensity of aquaculture by regions, Europe and Central Asia (ECA) has 
the highest energy intensity (0.032 TJ/tonne), followed by North America (NAM), Southeast Asia (SEA), 
South Asia Region (SAR), Japan (JAP), Latin America and Caribbean (LAC), Sub-Sahara Africa Region 
(AFR), Middle East and North Africa (MNA), and China (CHN). In general, the high energy intensity is 
attributed to the large percentage of intensive culture and/or land-based systems. For instance, major 
practices in ECA are intensive marine or land-based culture (WILM and WIHL), which accounted for 
about 61% of total aquaculture production in the region. On the other hand, major practices in CHN and 
MNA (i.e., countries with the lowest energy intensities) are extensive marine-based or pond culture, 
which accounted for 80% and 82% of total aquaculture production in the regions, respectively. In addition, 
choice of culture species showed a significant impact on energy intensity. For instance, most of the 
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cultured species in Japan have low natural trophic levels (85%), which produced from intensive marine-
based culture systems. The energy intensity in the region (0.020 TJ/tonne) was less than that of NAM 
(0.028 TJ/tonne), which used the same culture systems but for high natural trophic level species (66%).  
According to Figure 2.4, energy use of aquaculture increased as the production scale increased. 
As expected, China had the largest production among countries and country groups, consequently the 
highest energy use, even it had the lowest energy intensity (0.014 TJ/tonne). However, some cases 
showed that energy use was not proportional to the production scale due to the influence of the energy 
intensity. For instance, annual fish production in developing countries in LAC (i.e., 990,671 metric tons 
from Brazil, Colombia, Costa Rica, Ecuador, Mexico, Nicaragua, and Peru) was greater by 7.2% than that 
of SAR (919,363 metric tons from Bangladesh), but its energy use was lower by 32% (Figure A.5 in 
Appendix A). This is because fish farms in the developing countries in LAC have a lower energy intensity 
of aquaculture (0.017 TJ/tonne) than that of SAR (0.024 TJ/tonne). Therefore, it is important for major 
fish producing regions to maintain low energy intensity while for other regions, such as ECA and NAM, 
to reduce their energy intensity. 
 
2.3.3 Energy Use of Future Global Aquaculture 
2.3.3.1 Energy Use with Various Scenarios of Aquaculture Development 
The total global aquaculture production is projected to increase by about 32%, from 48,707,952 
metric tons in 2015 to 64,455,978 metric tons in 2025. Expected annual production in 2025 from each 
country can be found in Figure A.5 in Appendix A. Figure 2.5 shows the predicted energy intensities of 
global aquaculture in 2025 for the 5 aquaculture growth scenarios as described in Section 2.2.2 (Table 
2.2). Energy uses in the figure were shown as relative differences from the estimated annual energy use 
when global aquaculture grows under the business as usual scenario (954 TJ/yr). Average energy use in 
the figure indicates the mean energy use, considering all of the cases which were considered in each 
growth strategy scenario. Maximum and minimum energy uses in the figure are the estimated energy uses 
based on the specific cases of the growth strategy scenario.  
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(a)                                                                                 (b) 
 
(c)                                                                                 (d) 
 
Figure 2.5 Estimated energy intensity and energy use of aquaculture production based on (a) Faster 
expansion scenario, (b) Slower expansion scenario, (c) China scenario, and (d) Integrated extensive 
land-based system expansion scenario (Note: Energy use is relative to the energy use of baseline 
scenario (i.e., 954 TJ/yr).) 
 
For faster expansion scenario, the highest energy use (+62.6 TJ/yr) was estimated when 
increasing intensive culture systems for all trophic levels of species, while the least energy use (+1.74 
TJ/yr) was predicted by increasing intensive marine-based culture systems only for low trophic level 
species. The mean annual energy use for faster expansion scenario was 973 TJ/yr, which was higher than 
that of the business as usual scenario by 19.7 TJ.  
For slower expansion scenario, the highest annual energy use was slightly larger than that of the 
business as usual scenario (about +5.1 TJ/yr) when increasing intensive culture systems for all trophic 
levels of species in developed countries, and extensive or semi-intensive pond systems only for high 
trophic level species in developing countries. On the other hand, the minimum energy use case was much 
less than that of the business as usual scenario (-98.4 TJ/yr) if intensive marine-based culture systems 
increased only for low trophic species in developed countries, along with the extensive or semi-intensive 
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culture system increased for all trophic levels of species in developing countries. The average annual 
energy use for slower expansion scenario was 933 TJ/yr, which was lower than that of the business as 
usual scenario by 20.1 TJ.  
Due to the large production scale in China, change in the distribution of culture systems in the 
country resulted in a significant energy use increase compared with the business as usual scenario. The 
maximum annual energy use case occurred when intensive culture systems increased for all trophic levels 
of species (+33.6 TJ/yr). However, an increase in intensive land-based culture systems only for high 
trophic level species in China resulted in the minimal annual energy use variation (+0.002 TJ/yr). This is 
because current Chinese aquaculture largely relies on extensive or semi-intensive culture systems for low 
trophic species production (Figure 2.4). Thus, increasing intensive culture systems for high trophic level 
species led to the negligible variation. The average annual energy use for China scenario was 965 TJ/yr, 
which was higher than that of the business as usual scenario by 11 TJ. 
Scenario 5 was to increase in integrated extensive land-based culture systems to meet 30% of 
aquaculture production. Since land-based culture systems require relatively higher energy intensities than 
other types of culture systems, increasing land-based culture systems across the world resulted in much 
larger annual energy use than that of the business as usual scenario. The highest annual energy use (+308 
TJ/yr) was found with an increase in extensive land-based culture systems only for high trophic level 
species. For this growth scenario, the least annual energy use was still higher than that of the business as 
usual scenario by 119 TJ/yr, which considered an increase in extensive land-based culture systems only 
for low trophic level species. The average annual energy use for the scenario 5 was 1,167 TJ/yr, which 
was higher than that of the business as usual scenario by 214 TJ. 
Among the growth scenarios, the integrated extensive land-based system expansion scenario (5) 
had the highest average energy intensity, followed by faster expansion scenario, China scenario, and 
slower expansion scenario. This is because the land-based culture systems are increased across all 3 cases 
in the scenario 5 which have higher energy intensity than pond or marine-based culture systems. China 
scenario (scenario 4) showed comparable energy intensity to faster expansion scenario due to the 
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increased intensive systems across all 9 cases in both scenarios. Slower expansion scenario had the lowest 
average energy intensity than other growth scenarios due to the combined growth strategy (i.e., extensive 
culture systems for developing countries and intensive culture systems for developed countries). Based on 
the results, the lowest energy use of future global aquaculture can be achieved by increasing less energy 
intensive culture systems in the large aquaculture production regions (developing countries) and energy 
intensive but more productive culture systems in the small aquaculture production regions (developed 
countries). Specifically, energy use in global aquaculture would be greatly reduced as more fish are 
produced from intensive marine-based culture systems for low trophic level species in developed 
countries and extensive culture systems for all trophic levels of species in developing countries as seen in 
the slower expansion scenario. The importance of the selective extensification of global culture systems 
to reduce the energy use and greenhouse gas emissions was also addressed by Johnson et al. (2014). 
Meanwhile, a change of fish production method in China showed a large energy intensity increase 
compared to the baseline scenario due to the largest contribution of China to global aquaculture 
production. Therefore, it seems that advances in technologies and management to improve energy 
efficiencies in Chinese aquaculture while reducing the energy intensity of fish production in other regions 
would be important for future global aquaculture growth.  
 
2.3.3.2 Climate Change Impacts on Energy Use in Aquaculture 
In addition to the various growth strategies for aquaculture, climate change can have a significant 
impact on energy use of aquaculture. Therefore, the most energy efficient growth strategy should be 
determined by considering the trend of climate change for future. Figure A.6 in the Appendix A shows 
future aquaculture classified by culture systems and climate zones corresponding to the climate conditions 
in 2025 predicted based on the B1 and A1F1 climate change scenarios. Affected aquaculture sites by 
climate change include China, Japan, the United States, LAC (Chile and Peru), MNA (Iran), and ECA 
(Italy). As a result, the A1F1 climate change scenario showed a 4% increase in warm climate zone and a 
40% decrease in cold climate zone, compared with the current climate condition. On the other hand, the 
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B1 climate change scenario showed a 1% decrease in warm climate zone and a 9% increase in cold 
climate zone. 
Based on the two future climate change scenarios, energy use of future global aquaculture was re-
estimated with the various growth strategies (Table 2.5). In general, it was observed that warm climate 
zones would be more dominant in major aquaculture producing countries by 2025, leading to the reduced 
energy intensity of global aquaculture production. For both climate change scenarios, the lowest energy 
use was found with slower expansion scenario, followed by faster expansion scenario, China scenario, 
and integrated extensive land-based system expansion scenario, similar as discussed in Section 2.3.3.1.  
Table 2.5 Estimated energy intensity and energy use of global aquaculture with the B1 and A1F1 
climate change scenarios 
   Climate 
 
Growth 
Scenario B1 Scenario A1F1 
Energy intensity 
(TJ/tonne) 
Energy use (TJ/yr) 
Energy intensity 
(TJ/tonne) 
Energy use (TJ/yr) 
Mean Max Min Mean Max Min Mean Max Min Mean Max Min 
Scenario 1 0.0148 950 0.0147 944 
Scenario 2 0.0151 0.0157 0.0148 970 1,012 952 0.0149 0.0156 0.0144 959 1,005 926 
Scenario 3 0.0145 0.0149 0.0133 930 956 853 0.0149 0.0153 0.0138 961 987 886 
Scenario 4 0.0149 0.0153 0.0148 961 984 950 0.0148 0.0152 0.0142 951 977 915 
Scenario 5 0.0181 0.0196 0.0166 1,164 1,259 1,070 0.0179 0.0192 0.0166 1,153 1,238 1,065 
Note: Scenario 1 is business-as-usual, Scenario 2 is faster expansion, Scenario 3 is slower expansion, Scenario 4 is China, and 
Scenario 5 is integrated extensive land-based system expansion. 
 
When compared to the energy use results of different growth strategies without climate change 
(Figure 2.5), the B1 scenario showed reduced energy uses by about 3.9 TJ/yr for all growth strategies 
while the A1F1 scenario resulted in lower or higher energy uses depending on growth strategies. 
Although the B1 scenario showed a slightly reduced warm climate zone area than no climate change 
scenario, it led to the less energy uses for all growth scenarios because energy intensities decreased in 
major aquaculture production countries due to the climate alternation. For instance, with the maximum 
energy use case in the slower expansion scenario, 54,705 metric tons of annual fish in the U.S., which 
were typically produced under cold climate conditions, shifted to warm climate conditions by 2025. Also, 
about 330,720 metric tons of fish in China were produced under warm climate conditions by 2025 instead 
of cold climate conditions.  
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For A1F1 climate change scenario, the average energy uses were also lower than those without 
climate change by 10-15 TJ/yr for different growth scenarios. However, the slower expansion with the 
A1F1 climate change scenario showed a higher average annual energy use (961 TJ/yr) than the scenario 
without climate change (934 TJ/yr). Unlike the results with the B1 scenario, the A1F1 scenario resulted in 
more aquaculture production under cold climate conditions in China, although the scenario showed a 
larger dominant area of warm climate zones globally compared to the B1 scenario. For instance, 
considering the slower expansion with the A1F1 climate change scenario, about 81,015,020 metric tons of 
additional fish were produced under cold climate conditions by 2025, compared to the amount of fish 
production under cold climate conditions in the scenario without climate change. As a result, the energy 
intensity of Chinese aquaculture was higher (0.0142 TJ/tonne) than those of B1 scenario (0.0136 TJ/tonne) 
and the scenario without climate change (0.0137 TJ/tonne). Due to the largest contribution of Chinese 
aquaculture (about 88% of total global aquaculture in this study), the average annual energy use of slower 
expansion scenario was much higher under the A1F1 climate prediction (0.0149 TJ/tonne), compared to 
that of slower expansion scenario without climate change (0.0145 TJ/tonne in Figure 2.5-(b)). 
 
2.4 Conclusions  
This study investigated the energy intensity of aquaculture using a modeling approach with the 
key aquaculture factors of the natural trophic level of species, culture technology, culture system intensity, 
and climate. All the indicators were found to be statistically significant and the developed energy intensity 
model showed an acceptable predictability. Using the energy intensity model, the energy use of global 
aquaculture was investigated, based on current and future global aquaculture distributions as well as 
climate change.  
China accounted for the majority of total energy use in current global aquaculture due to its large 
production scale. Energy burdens of future global aquaculture were dependent on the growth strategy. For 
instance, with the selective extensification of aquaculture (i.e., the increase in extensive culture systems in 
developing countries), approximately 100 TJ of annual energy use could be saved, compared with the 
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2025 baseline scenario. On the other hand, the increase in intensive systems in aquaculture worldwide to 
maximize production efficiency would make the sector more energy intensive. Therefore, a careful 
consideration should be given to the aquaculture expansion, especially for large aquaculture producers, 
such as China and Latin America and Caribbean (LAC) regions. The A1F1 climate change scenario could 
alleviate energy burdens compared with the scenarios of no climate change and B1, due to the lower 
energy intensity for fish production under warm climate conditions. However, the impacts of climate 
change on the energy use of future aquaculture should be further investigated with more accurate global 
aquaculture data for other major aquaculture producers (e.g., India and Indonesia). 
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CHAPTER 3: A LIFE CYCLE ENVIRONMENTAL AND COST ASSESSMENT TOOL FOR 
DECISION SUPPORT IN AQUACULTURE ENERGY SYSTEMS (TASK 2) 
3.1 Introduction 
Aquaculture is one of the fastest growing food sectors globally, with an average growth rate of 6% 
per year during the 2000s (FAO, 2012). Currently, global aquaculture represents about 7% of all protein 
for human consumption, and its contribution to the global economy is over US$138 billion (FAO, 2012; 
FAO, 2014). Through technical improvements, aquaculture showed a potential to meet the growing 
demand without putting additional stress on water resources. These include integrated multi-trophic 
aquaculture, recirculating aquaculture, and aquaponics. These types of systems use a water recirculating 
system to reduce the need for inputs especially water as well as the output of waste. However, these 
benefits have been achieved at the cost of higher energy inputs (Bostock et al., 2010). For instance, the 
recirculating aquaculture system requires energy use that is five times higher than an open cage system 
(Aubin et al., 2009) and 1.4 times more compared to a flow-through system (Sun, 2009). Over the last 
decade, global energy prices have increased dramatically, and it is predicted to continuously rise at a 
slower rate (Hines and Balistreri, 2017). Higher energy prices will make fish production systems more 
expensive, thereby aquaculture industry would be vulnerable. Additionally, energy consumptions based 
on coal and other fossil fuels are associated with greenhouse gas emissions. Therefore, for sustainable 
development of aquaculture, choosing energy sources such as renewables that are cost effective and result 
in the least environmental impacts is important (Hornborg and Ziegler, 2014). However, many resources 
managers and stakeholders in aquaculture lack the tools to support the decision making for sustainable 
energy choices (Dixon and Yang, 2017; FAO, 2017).     
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Currently, several software tools have been developed to assess the technical and/or economic 
aspects of renewable energy systems, such as TRNSYS, HOMER, and RETScreen Expert (Sinha and 
Chandel, 2014). However, such tools are often complex and require user’s basic knowledge of energy 
systems, local energy costs, and incentive availability. Additionally, most of those tools are not free, and 
none of them is specialized for aquaculture systems, making them difficult to be applied by fish farmers. 
For instance, none of the software tools considers a fish waste as a renewable energy source through 
anaerobic digestion. In addition, the current tools focus on renewable energy without the inclusion of 
various non-renewable energy sources that hinders the comparison among different sources and the 
diversification of energy sources (Sinha and Chandel, 2014). 
Therefore, there is still a need for the development of a decision supporting tool to help choose 
the sustainable energy options for aquaculture (Dixon and Yang, 2017). In this study, to overcome the 
limitations in current tools and make it accessible to fish farmers, the FEAST (Food-Energy-Aquaculture-
Sustainability-Tool) was developed for the selection of environmentally and economically sustainable 
energy systems (single source or hybrid sources) in aquaculture. The FEAST can be utilized by individual 
fish farmers, state-wide planners, and policy-makers to help assess the sustainability of their energy 
supply decisions. 
 
3.2 Description of the FEAST and Approaches 
3.2.1 Structure of the FEAST 
 Food-Energy-Aquaculture Sustainability Tool (FEAST) is an MS-Excel based decision support 
tool. The tool assesses life cycle environmental impacts and costs of energy systems used for aquaculture, 
considering currently implemented or potential alternative energy systems. The FEAST is comprised of 
six linked interfaces, including 1) Entry, 2) LCA-Electricity, 3) LCA-Heat, 4) LCCA-Electricity, 5) 
LCCA-Heat, and 6) Summary as illustrated in Figure 3.1. Detailed layouts of the FEAST interfaces can 
be found in Figures B.1-6 in Appendix B.  
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Figure 3.1 The structure of the Food-Energy-Aquaculture Sustainability Tool (FEAST) and 
analysis procedure 
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All inputs required for analysis are entered in the Entry interface. The main inputs (drop-down 
menus) include information on culture technology (marine-based, land-based, or pond), culture system 
(extensive, semi-intensive, or intensive), location, and cultured fish species. The location can be any state 
in the U.S., and the choice of location is automatically linked with local climatic and geographical 
conditions (e.g., climate, average groundwater temperature, solar irradiation, and average local 
temperature), local energy prices, and available incentives for renewables. Thirty-six different aquaculture 
species or groups can be selected, including tilapia, carp, turtle, mollusks, shrimp, and so on (Table B.1 in 
Appendix B). The selected culture species or groups are categorized into a high or low trophic level, 
based on its natural trophic level.  
Other inputs in the Entry interface include cultured fish weight, fish production scale, feeding rate 
(as % of fish body weight), harvest cycle, ideal water temperature for cultured fish, and monthly hot water 
usage, which need to be entered manually by users. Among them, fish production scale, feeding rate, and 
ideal water temperature are used to calculate the theoretical amount of biogas generation.  
Daily electricity and heat energy requirements of the selected aquaculture systems are estimated 
using either an energy intensity estimation model (developed in Chapter 2) built in the tool or information 
from a user’s own energy bill. Additionally, a weighting scheme between environmental and economic 
indicators can be set to reflect users’ priorities that will influence the selection of sustainable alternatives.  
The LCA-Electricity and LCA-Heat interfaces provide an assessment of the life cycle 
environmental impacts of the alternative electricity and heat systems, respectively. The Life Cycle 
Assessment (LCA) results are provided with tabulated data and a graphical display. Table 3.1 shows the 
available alternative electricity generation systems and heating systems in the FEAST.  
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Table 3.1 Electricity and heat generation options in the Food-Energy-Aquaculture Sustainability 
Tool (FEAST) 
Electric generation options Design choices Additional options 
Solar PV system 
Mono-crystalline 
Poly-crystalline 
Thin-film 
Battery backup 
Generator 
Natural gas 
High heating value 
Low heating value 
Propane 
High heating value 
Low heating value 
Diesel 
High heating value 
Low heating value 
Local grid  
Heat generation options Design choices Additional options 
Solar hot water system 
Tankless 
With a hot water storage tank 
 
Boiler 
Natural gas 
High heating value 
Low heating value 
Propane 
High heating value 
Low heating value 
Diesel 
High heating value 
Low heating value 
Electricity  
Biogas 
(anaerobic digestion) 
Operating temperatures: 
22 °C 
35 °C 
 
The options for electricity generation systems are a solar photovoltaics (PV) system with or 
without a battery backup (i.e., standalone or grid-connected), a generator using natural gas, diesel, or 
propane, and the use of local electricity grid. The alternative heating systems include a Solar Hot Water 
(SHW) system, and a boiler using natural gas, propane, diesel, biogas through anaerobic digestion, or 
electricity.  
Additional inputs for LCA include design choice and system boundary choice. The design 
choices include types of SHW systems (i.e., tankless or with a hot water storage tank), types of solar 
panels (i.e., mono-crystalline, poly-crystalline, or thin-film), and operating temperatures of anaerobic 
digesters (i.e., 22 °C or 35 °C). For a system boundary, users can choose one and/or a portion of the life 
cycle processes of interest (i.e., material extraction, manufacturing, operation, and transportation) or from 
cradle to use (all the four processes) for LCA and Life Cycle Cost Analysis (LCCA) to compare among 
the alternatives.  
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Based on the estimated daily electricity and heat requirements in the Entry interface, FEAST 
automatically calculates capacities of the alternative electricity and heating systems, and shows design 
parameters including design life, hours of the system operation, size of a solar PV system (i.e., capacity in 
kW, the number of solar panels, and sizes of a battery and an inverter), and size of a generator with 
required fuel amounts, size of an anaerobic digestion system (i.e., a biogas boiler, a heat exchanger, a 
drum-filter, a main reactor, and storage and gassing reactors), size of a SHW system (i.e., sizes of a solar 
thermal collector and a storage tank), and size of a boiler with required fuel amounts and the electricity 
requirement (for an electric boiler). 
For energy systems, users can select either a single energy sourced unit or a hybrid energy system 
by assigning a percentage distribution (Figure 3.2). For instance, in the LCA-Electricity interface, users 
can select a hybrid energy system with 70% of electricity supply from a solar PV system as a primary 
option and 30% of electricity supply from a natural gas generator as a secondary option. Then, LCA 
results of the selected hybrid solar PV and a natural gas system can be compared with another single 
sourced unit or hybrid energy system. To help choose the percentage distribution between the primary and 
secondary systems, the FEAST provides tabulated results which show expected environmental and 
economic impacts based on the assigned percentages from a primary energy option (0 – 100%) (Figure 
B.7 in Appendix B). In the LCA-Heat interface, users can consider the inclusion of an anaerobic digestion 
system as a backup system, based on the theoretical amount of biogas generated from either a 35 °C or 
22 °C operating temperature condition (Figure 3.2). After that, users can choose main alternative heating 
systems to meet the daily heat requirement and simultaneously compare the environmental impacts of the 
two selected single heat sourced or hybrid heating systems.  
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Figure 3.2 Procedures for selection of alternative energy systems in (a) LCA-Electricity interface 
and (b) LCA-Heat interface (LCA is the life cycle environmental impacts assessments and LCCA is 
the life cycle cost analysis.) 
 
The LCCA-Electricity and LCCA-Heat interfaces provide an assessment of Life Cycle Costs 
(LCC) of the alternative electricity and heating systems selected in the LCA-Electricity and the LCA-Heat 
interfaces. The parameters for the LCCA include costs of systems, local electricity costs, fuel costs, 
interest rates, and incentives for renewable energy systems. Results are tabulated and visualized for the 
estimated LCCs (i.e., initial cost, O&M cost, salvage value, replacement cost, and savings through 
incentives) and the estimated economic indicators (i.e., life cycle energy cost, normalized LCC, internal 
rate of return, and simple payback period). 
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The summary interface shows the combined results of LCA and LCCA to provide overall 
economic and environmental outputs at the same time for decision making. The FEAST suggests better 
energy options in terms of the environmental performance and economics. In addition, a sustainable 
energy option is recommended, based on the weighting scheme set by users in the Entry interface.  
For improving flexibility for users, the databases of the FEAST, such as the costs of local energy 
and equipment, incentives, efficiencies of energy systems, and conversion factors for environmental 
impacts, can be modified.  
The FEAST can be applied to assist the decision making to choose the sustainable energy options 
for a specific aquaculture system which is operated in different U.S. regions. Also, it can be utilized to 
explore the sustainable energy system distribution for U.S. aquaculture by expanding the study area to all 
over the U.S.   
 
3.2.2 Approaches and Methods Used for the FEAST 
3.2.2.1 Estimation of Energy Use in Aquaculture for the Design of Energy Systems 
The sizes of energy systems were calculated based on on-farm energy use (electricity and heat). 
As mentioned above, the energy intensity estimation model (developed in Chapter 2) was used in the 
FEAST to estimate the expected energy intensities of various forms of aquaculture. 
To use the energy intensity estimation model, information on the natural trophic level of species 
was obtained from Talberth et al. (2006) and Pauly and Christensen (1995). Climate characteristics of the 
U.S. states were determined using a Köppen-Geiger climate classification map (Kottek et al., 2006). More 
information on the natural trophic level of species and the U.S. climate data can be found in Tables B.1-2 
in Appendix B. 
In the FEAST, the energy demand of the selected aquaculture system was calculated based on the 
energy intensity and the expected fish production over a harvesting cycle (i.e., the product of energy 
intensity and fish production). From the estimated energy demand, daily electricity and heat requirements 
were calculated based on climatic conditions where a fish farm is located. For warm climates (i.e., arid, 
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equatorial and temperate), 60% of electricity and 40% of heat out of total daily energy requirement were 
assumed. For cold climates (i.e., snow and polar), 32% of electricity and 68% of heat out of total daily 
energy demand were assumed. The assumed percentages for electricity and heat were calculated by 
averaging electricity and heat consumptions at aquaculture facilities under warm and cold climates 
(d’Orbcastel et al., 2009; Iribaren et al., 2010; Pelletier and Tyedmers, 2010; Pelletier et al., 2011; Colt et 
al., 2008; Gál et al., 2007; Eding et al., 2002; Heeb and Wyss, 2017; Naegel, 1977).  
 
3.2.2.1.1 Solar Systems 
Monthly average sun hours and monthly average global solar insolation on a collector surface in 
different regions of the U.S. were estimated using Eqs. B.1-19 in Tables B.3-4 in Appendix B. The tilt 
angle of the solar collector is adjusted once a month to maximize its efficiency. The monthly optimum tilt 
angles were calculated using Eq. 3.1 (El-kassaby, 1988).  
                                     𝛽𝑜𝑝𝑡 = 𝐿 − 𝑡𝑎𝑛
−1(ℎ𝑠𝑟/sin(ℎ𝑠𝑟) × tan (𝛿𝑠))                                        Equation 3.1 
where βopt is the average optimum tilt angle of the month and L is the latitude angle. Also, hsr and δs are the 
sunrise-hour angles and the solar declination in degrees given by Eqs. B.1 and B.6 in Table B.3 in 
Appendix B. A 1% of annual degradation rate was assumed for both a solar PV system and a SHW 
system (Jordan and Kurtz, 2013).  
The size of solar PV system was estimated as follows (Goswami et al., 2000):  
                                                               𝑃𝑉 =  
𝐸𝑑,𝑚𝑎𝑥 
𝑆ℎ𝑟 × 0.75
× 𝑆𝐹                                                    Equation 3.2 
where PV is the size of solar PV system (kW), Ed,max is the maximum daily electricity load over a year 
(kWh/day), Shr is the local sun hours (hours/day), SF is the safety factor (1.3). 0.75 is the overall 
efficiency of solar PV system due to inverter losses, temperature losses, shading, and so on (Goswami et 
al., 2000).  
For solar PV systems, the typical efficiencies and module prices were obtained from Fu et al. 
(2017), which were 18% and 2.80 $/Wdc for mono-crystalline, 15% and 1.68 $/Wdc for poly-crystalline, 
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and 9% and 1.26 $/Wdc for thin-film, respectively (Table B.5 in Appendix B). The useful lifespans were 
30 years for mono-crystalline and poly-crystalline solar PV systems, and 25 years for a thin-film solar PV 
system, respectively (Peng et al., 2013). The annual maintenance cost and salvage value were assumed to 
be 1% and 5% of the initial cost, respectively (Fthenakis, 2006). For the battery, an efficiency of 75% was 
assumed with a 70% discharge and 3 days of storage. Assumptions, sizes, and costs for inverter and 
battery can be found in Table B.6 in Appendix B. 
The thermal collector size of the SHW system was calculated as follows (Goswami et al., 2000):  
                                                 𝐴𝑐 = (𝐻𝑑,𝑚𝑎𝑥 × 𝑆𝐹)/(∑ 𝐼𝑐 × 𝜂𝑆𝐻𝑊 
𝑠ℎ𝑟
𝑖=1 )                                   Equation 3.3 
where Ac is the total thermal collector area (m2), Hd,max is the maximum daily heat load over a year 
(kWh/day), SF is the safety factor (1.3), Ic is the global solar insolation on a collector surface 
(kWh/m2/hour). 𝜂SHW is an overall hourly efficiency of the SHW system, which is calculated using Eq. 3.4 
(SRCC, 2017). 
                                  𝜂𝑆𝐻𝑊 = 0.747 − 2.04 × {
(𝑇𝑖−𝑇𝑎)
𝐼𝑐
} −  0.0150 × {
(𝑇𝑖−𝑇𝑎)
2
𝐼𝑐
}                      Equation 3.4 
where Ti is the inlet water temperature (i.e., local groundwater temperature) (°C) and Ta is the ambient air 
temperature (°C), which are specific to the selected location. Information on local geographical 
characteristics, such as average ambient temperature and groundwater temperature, was obtained from the 
Typical Meteorological Year 3 (TMY3) databases and U.S. EPA groundwater temperature map (U.S. 
EPA, 2016), respectively.  
Assumed independent (e.g., pipelines and mounting) and dependent prices for the SHW systems 
are $10,758 and $120 per m2 of a solar thermal collector, respectively (Atia et al., 2012; Medved et al., 
2003). The annual maintenance cost and salvage value for SHW systems were assumed to be 1% and 3% 
of the initial cost, respectively. The useful life time of a SHW system was 10 years (Comodi et al., 2016). 
Assumptions, sizes, and costs for additional equipment of a SHW system, such as a pump and a hot water 
storage tank, can be found in Table B.6 in Appendix B.  
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3.2.2.1.2 Anaerobic Digestion System and Conventional Energy Systems 
In the FEAST, fish wastes were considered as a renewable resource which can be used to produce 
biogas through anaerobic digestion. The anaerobic digestion system can be used as a backup system, and 
it can be integrated with both a SHW system and a conventional water heater (Thorarinsdottier et al., 
2017). Assumptions and experimental results used to estimate the theoretical methane yields through 
anaerobic digestion using fish waste can be found in Table B.7 in Appendix B. The amount of fish waste 
production was calculated based on an energy balance study (Xie et al., 1997). About 17.7% of the feed 
was assumed to become fish waste. Data on methane yields were obtained from experimental results, 
which were 0.57 L CH4/g COD at 35 °C and 0.35 L CH4/g COD at 22 °C (Kim et al., 2015). These 
methane yields are within the typical range of methane production with fish waste (0.02 to 3.6 L CH4/g 
COD) (Mirzoyan et al., 2010). In the study, the lab-scale experiments were conducted with semi-
continuous mixed flow reactors to determine methane production potential for freshwater fish waste via 
anaerobic digestion systems. The biogas was measured using wet-tip gas meter, while the methane 
content was determined by dissolving the carbon dioxide portion of a 10 ml biogas sample into a 3 N 
NaOH solution and measuring the resulting liquid displacement (Kim et al., 2015). Kim et al. (2015) 
reported that the accumulation of volatile fatty acids was observed after 27 days leading to a pH drop to 
6.4, inhibiting biogas production. Therefore, a sludge retention time of 20 days was assumed in the 
FEAST, which was used to calculate the size of the digestion reactor (i.e., a semi-continuous mixed flow 
reactor). The reactor size and total energy generation for anaerobic digestion were calculated using Eqs. 
3.5-6.  
                                                               𝑆𝐴𝐷 =  𝑆𝑅𝑇 × 𝑄                                                           Equation 3.5 
                           𝑄𝑢 =  𝑌𝐶𝐻4𝜉𝜂ℎ𝑄𝐶𝐶𝑂𝐷 − (𝑄𝜌𝛾(𝑇𝑅 − 𝑇𝐼𝑛) + 0.0864𝑘𝐴(𝑇𝑅 − 𝑇𝐼𝑛))               Equation 3.6 
where SAD is the size of the anaerobic digestion reactor (m3), SRT is the sludge retention time (day), and Q 
is the sludge flow rate (m3/day). Qu is the total useful heat generation in MJ/day, YCH4 is the methane yield 
(m3/g COD), ξ is the average heating value of methane (MJ/m3), 𝜂ℎ is the efficiency of heater utilization 
with a biogas boiler, and CCOD is the COD concentration of the influent (g COD/m3). ρ is the density of 
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water (1,000 kg/m3), γ is the specific heat of water (0.00418 MJ/kg-°C), TR is the set temperature in the 
digester (i.e., 22 °C or 35 °C), and TIn is the temperature of the influent or incoming fish waste slurry (°C). 
0.0864 is the conversion factor from watts (W) to MJ/day, k is the heat transfer coefficient (W/m2-°C), 
and A is the surface area of anaerobic digester wall (m2).  
Table 3.2 shows assumed heating values and efficiencies of utilization for alternative fuels. 
Among the alternatives, natural gas has a low density (0.7 kg/Nm3), which means a larger volume of 
natural gas than other fuels would be needed to support the same amount of energy demand although it 
has a high heating value and a high efficiency of utilization. For biogas, it has relatively low heating 
values and an efficiency of utilization (88%) among fuels. More information on assumptions, sizes, and 
costs for generators, heaters, and digestion reactors can be found in Table B.8 in Appendix B. 
Table 3.2 Heating values, densities, and efficiencies of utilization for natural gas, propane, diesel, 
and biogas 
Fuels 
Heating value 
(MJ/kg) 
Density 
(kg/Nm3) 
Reference 
Efficiency of 
utilization (%) Reference 
HHV LHV Heater Generator 
Natural 
gas 
55 49 0.7 
GREET, 
2016 
 
95 40 
Purohit & Michaelowa, 
2008 
Propane 
(liquified) 
50 46 514 95 40 GREET, 2016; 
Diesel 46 43 846 95 35 
GREET, 2016; 
Medved et al. 2003; 
Ismail et al. 2013 
Biogas 22 20 1.1 
SGC, 
2012 
88 - 
Frost & Gilkinson, 
2010 
Note: Nm3 is normal cubic meters measured at 0 °C and atmospheric pressure, HHV is higher heating value, and LHV is lower 
heating value. 
 
3.2.2.2 Life Cycle Environmental Assessments (LCA) and Life Cycle Cost Analysis (LCCA) 
A functional unit of 1,000 kg fish production over 25 years was used as a basis for comparison 
among alternatives. A system boundary is from cradle to use, including material extraction, 
manufacturing, operation, and transportation. For anaerobic digestion, environmental impacts and costs 
for a heat exchanger and a drum filter were excluded because they were assumed to already exist for the 
operation of the aquaculture system. Figure B.8 in Appendix B shows the system boundaries considered 
for the life cycle assessments with the alternative energy systems in the FEAST. 
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The environmental impacts were estimated using conversion factors, such as greenhouse gas 
emissions associated with 1 kWh produced from solar PV system, 1 kWh from local grid, 1 kWh 
produced from conventional fuels, and 1 ton-km for transportation. The data for materials, emissions, 
processing, and transportation for alternative energy systems were obtained from the Ecoinvent database, 
US LCI, and USA input output database in Simapro v. 8.0.2 or adopted from literature (Lansche and 
Müller, 2017). The conversion factors were calculated based on the Tool for the Reduction and 
Assessment of Chemical and Other Environmental Impacts, which is suitable for North America (Table 
B.9 in Appendix B). The environmental impact categories include global warming potential, acidification, 
carcinogenics, non-carcinogenics, respiratory effects, eutrophication, ozone depletion, ecotoxicity, and 
smog. Additionally, the environmental impacts are aggregated to calculate a single score using 
normalization values with equal weighting among the impact categories (Ryberg et al., 2014). 
For LCCA, the present value method was used in the FEAST, and all expenses and credits in 
future were discounted to the present value. Life cycle cost is calculated as follows:  
       𝐿𝐶𝐶 =  {𝐶𝐼 − 𝐶𝑆 × 𝑆𝑃𝑉 + (𝐶𝑅 × 𝑆𝑃𝑉 + 𝐶𝑂&𝑀  × 𝑈𝑃𝑉
∗ − ∑ 𝑆𝑛 × 𝑆𝑃𝑉𝑛
𝑛
1 )} × 𝐹𝑈/𝑃       Equation 3.9 
where LCC is the life cycle cost of the selected energy system ($), CI is the initial cost ($), Cs is the 
salvage value ($), CR is the replacement cost ($), SPV is the single present value factor, UPV
* is the 
modified uniform present value factor, UPV is the uniform present value factor, and CO&M represents the 
cost of operation and maintenance ($). Sn is the incentives with renewables ($), and SPVn is the single 
present value at n year. FU is the functional unit (i.e., 1,000 kg fish production) and P is the annual fish 
production in kg/yr.  
To calculate UPV and UPV*, a 0.0048 of escalation rate and a 0.03 of interest rate are assumed 
(Lavappa and Kneifel, 2015). Information on local energy prices and incentives for renewables are 
obtained from U.S. Energy Information Administration (EIA) and Database of State Incentives for 
Renewables and Efficiency (DSIRE), respectively. Details on local energy costs and incentives for 
renewables can be found in Tables B.10-11 in Appendix B.  
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3.2.2.3 Sustainability Index for Energy Systems 
 With more than three alternative options, the relative sustainability performances among 
alternatives are assessed using a Sustainability Index (SI) (Eq. 3.10). To calculate the SI, the life cycle 
costs and single scores were scaled and weighted, and then the SI was calculated by summing up the two 
values. A high score of SI indicates that the energy system has low environmental impacts and high 
economic benefits. 
                           SI =  
(𝐿𝐶𝐶𝑚𝑎𝑥−𝐿𝐶𝐶)
(𝐿𝐶𝐶𝑚𝑖𝑛−𝐿𝐶𝐶𝑚𝑎𝑥)
× 𝑊𝑇. 𝐿𝐶𝐶 +  
(𝐸𝑁𝑉𝑚𝑎𝑥−𝐸𝑁𝑉)
(𝐸𝑁𝑉𝑚𝑎𝑥−𝐸𝑁𝑉𝑚𝑖𝑛)
 × 𝑊𝑇. 𝐸𝑁𝑉             Equation 3.10 
where SI is the sustainability index (0 ~ 1). LCC is the life cycle cost in USD, LCCmax and LCCmin are the 
maximum and minimum life cycle costs among alternatives, respectively. ENV is the single score, and 
ENVmax and ENVmin are the maximum and minimum single scores among alternatives, respectively. WT. 
LCC and WT. ENV are the weighting factors for economics and environmental impacts, respectively, 
which are set by users in the Entry interface.  
 
3.3 Case Study: Investigation of Sustainable Energy Systems for U.S. Aquaponics 
 To illustrate the application of the FEAST, a case study on the investigation of sustainable energy 
systems for U.S. aquaponics was conducted.  
 
3.3.1 Background of Aquaponics and Significance of Research 
As a sustainable production system, aquaponics, which is a combination of recirculating 
aquaculture system and hydroponics, has received increased interest from researchers and entrepreneurs 
globally. The main driving forces for the development of aquaponics are the potentials to improve 
resource use efficiency, increase in economic outputs, reduce waste discharge, and secure food production 
levels (Turcios and Papenbrock, 2014).  
Over the 30 years, research on aquaponics have been focused on system designs and different 
combinations of aquatic species and plant species (Endut et al., 2009; Lennard and Leonard, 2006; Trang 
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and Brix, 2014). More recently, saltwater aquaponics and aquaponics integrated with algae production 
have been researched (Joesting et al., 2016; Wilson, 2005; Bux and Chisti, 2016). However, the use of 
alternative energy sources to improve the environmental and economic sustainability in aquaponics, has 
received less interest although it is significant. Aquaponics can be energy intensive due to the energy 
requirements to maintain the optimum farming conditions in both fish and plant units (Thorainsdottir et 
al., 2017). Modern aquaponics systems are expanding from a household scale to a commercial level, so 
that the energy use in aquaponics would be larger as more commercial scale aquaponics systems are 
spawned (Thorarinsdottir et al., 2017). Major energy sources in aquaculture are grid electricity and diesel, 
which are relatively cheaper than renewables but produce higher greenhouse gas emissions (Evans et al., 
2009; FAO, 2017; Pelletier and Tyedmers, 2010; Henriksson et al., 2012). Therefore, an important issue 
is to improve the sustainability performance of future aquaponics through alternative energy sources (i.e., 
renewables and other conventional energy sources) (Thorarinsdottir et al., 2017). 
The environmental and economic effects of the implementation of the alternative energy systems 
for aquaponics can vary depending on types of energy sources to be displaced (Bundschuh et al., 2017; 
Dixon and Yang, 2017), local geographical characteristics where the renewables are installed, and 
regulations (Santoyo-Castelazo and Azapagic, 2014). Also, different perspectives on sustainability should 
be considered to understand the comprehensive sustainability performances of alternative energy systems 
(Jasiński et al., 2016; Whitmarsh and Wattage, 2006; Whitmarsh and Palmieri, 2009). 
In this case study, environmental and economic impacts of the aquaponics energy systems with 
various alternative electricity and fuel sources were assessed by using the FEAST. The considered 
renewable systems for aquaponics are a solar PV system, a SHW system, and an anaerobic digestion 
system. The environmental and economic consequences of the renewables were compared with 
conventional electricity and heating sources (i.e., natural gas, propane, and diesel), and the most 
sustainable energy options were suggested for aquaponics systems, considering the geographical and 
economic contexts in the different locations of the U.S. For selection of the most sustainable energy 
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option, the sustainability index was calculated using different weighting schemes between environmental 
and economic dimensions from industry’s and regulators’ perspectives.  
 
3.3.2 Aquaponics System and Selected Locations 
Table 3.3 shows information on culture species, culture system, harvest cycle and production for 
aquaponics systems considered in this case study. The information on culture system, production, and 
harvest cycle was obtained from an existing aquaponics facility in FL. The cultured species (tilapia) can 
grow to a commercial size over 6 months. The average harvested mass at the facility was 2,668 kg over 6 
months.  
Table 3.3 Information on aquaponics and estimated energy intensity 
Items Units  
Culture species 
 
Tilapia 
Culture system Semi-intensive 
Culture technology Aquaponics 
Harvest cycle (growth period) Month 6 
Production kg/harvest 2,668 
Note: Information on culture species, culture system, harvest cycle, and production was obtained from an existing aquaponics 
facility in FL. 
 
Table 3.4 shows the selected locations for aquaponics operation, including Florida (FL), Hawaii 
(HI), Washington (WA), Louisiana (LA), and Maine (ME). These states are ranked in the top 10 
aquaculture sales in the U.S (USDA, 2014). In terms of a climatic condition, FL and HI have an 
equatorial climate, WA has an arid climate, LA has a temperate climate, and ME has a snow climate. 
States under the equatorial climate showed relatively higher global solar insolation and average ambient 
air temperature, compared with other states.  
 
 
 
 
65 
 
Table 3.4 Geographical conditions, energy requirements, incentive availability, local energy prices, 
and relative local energy prices in FL, HI, WA, LA, and ME 
 
Unit 
States 
FL HI WA LA ME 
Representative counties 
 
Miami-
Dade 
Maui Benton 
Iberia 
Parish 
Hancock 
Geographical 
conditions 
Climate 
 
Equatorial Equatorial Arid Temperate Snow 
Global solar 
insolation 
kWh/m2/day 4.8 5.5 4.1 4.4 3.4 
Average ambient 
temperature 
˚C 25 24 11 19 6 
Daily energy 
requirements 
Energy intensity MJ/kg 18 18 18 18 25 
Electricity MJ/day 44 44 44 44 33 
Heat MJ/day 103 103 103 103 252 
Total MJ/day 147 147 147 147 285 
Incentives for 
solar PV system 
Performance 
based 
$/kWh 0.05 0.22 0.09 - - 
Rebate $/Unit - - - - - 
Incentives for 
solar hot water 
heater 
Performance 
based 
$/kWh 0.03 0.27 - - - 
Rebate $/Unit 1,000 - - - - 
Local energy 
prices 
Electricity $/kWh 0.08 0.22 0.05 0.05 0.09 
Natural gas $/ft3 0.006 0.018 0.008 0.005 0.007 
Propane $/gal 0.66 0.67 0.67 0.64 0.73 
Diesel $/gal 2.51 2.85 2.85 2.41 2.62 
Relative local 
energy prices  
Natural gas $NG/$E 0.64 0.65 1.33 0.73 0.59 
Propane $P/$E 0.79 0.28 1.35 1.12 0.74 
Diesel $D/$E 2.04 0.80 3.87 2.85 1.78 
FL: Florida, HI: Hawaii, WA: Washington, LA: Louisiana, ME: Maine, solar PV: solar Photo-voltaic, $NG: relative local natural 
gas price per 1 kWh production, $P: relative local propane gas price per 1 kWh production, $D: relative local diesel price per 1 
kWh production, and $E: local electricity cost per 1 kWh (Note: The local energy prices were obtained from U.S. EIA as of May 
2017.) 
 
In aquaculture, electricity and fuels are needed for pumping, aeration, heating/chilling, 
wastewater treatment, transport, refrigeration, and processing (Martins et al., 2010; d’Orbcastel et al., 
2009). Based on the inputs in Table 3.3, daily energy demands were estimated using the energy intensity 
estimation model built in the FEAST. The results of energy demands were shown in Table 3.4.  
In terms of incentive programs for renewables, FL and HI have incentive programs for both solar PV 
systems and SHW systems. WA has a Performance-Based Incentive (PBI) for only solar PV systems. 
There are no incentives available for solar systems in LA and ME. In terms of local electricity price, HI 
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has the highest electricity price ($0.22/kWh) among the states, while WA and LA have the lowest 
electricity price ($0.05/kWh). This means higher economic benefits can be expected by the replacement 
of an existing electricity device (e.g., electric heater) with alternative energy sources (e.g., solar, natural 
gas, propane or diesel) in HI, compared to other states. Considering this, the relative local energy prices 
(i.e., the prices of alternative energy sources to produce 1 kWh electricity relative to the local electricity 
price) are generally lower in the states having high local electricity prices (e.g., 0.65 $natural gas/$electricity in 
HI and 1.33 $natural gas/$electricity in WA). The relative local energy prices can be used as a useful indicator to 
assess economic benefits of the alternative energy systems. For instance, when an electric boiler is 
replaced with other heat sources, the use of natural gas boiler would be less economical than the use of 
propane boiler (0.28 $propane/$electricity) in HI due to the high relative local natural gas price (0.65 $natural 
gas/$electricity). Note that the local energy prices in the FEAST were obtained from U.S. EIA as of May in 
2017. Therefore, future energy price change can affect the relative local energy prices or economic 
benefits with alternative energy sources.  
 
3.3.3 Weighting Schemes for Sustainability Index  
To calculate SIs of the alternative energy systems (Eq. 3.10), weighting factors were obtained 
from Whitmarsh and Palmieri (2009), who performed the analytic hierarchy process for aquaculture. Two 
different weighting schemes were obtained from industry’s and regulators’ perspectives. From an industry 
perspective, they emphasized the role of fish farming industry in employment and livelihoods, giving a 
noticeably higher priority to the economic benefits (0.766) compared to the environmental impacts 
(0.234). On the other hand, regulators had different priorities and gave a similar weight to the economics 
(0.563) as to the environmental impacts (0.437).  
In this study, the relative sustainability performances of energy systems were investigated using 
the weighting scheme by aquaculture industry, and the results were compared with the sustainability 
performances of alternatives assessed using the weighting scheme by regulators. 
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3.3.4 Results 
3.3.4.1 Electricity Systems 
 Table 3.5 shows the calculated normalized environmental impacts as a single score and 
normalized life cycle costs assessed using the FEAST. Due to the low environmental impacts associated 
with the production and use of natural gas, the option of natural gas generators had the lowest 
environmental impacts among alternatives in all states, followed by solar PV systems, propane generators, 
and diesel generators. In the calculation of single scores with alternatives, a contribution from each 
impact category was different when estimated environmental impacts were normalized and weighted. 
Compared to the solar PV-M system, for example, the use of natural gas showed higher impacts in 
greenhouse gas emissions (0.3), smog (0.1), acidification (0.3), respiratory effects (0.06), and fossil fuel 
depletion (0.07), while the use of solar PV systems had higher impacts in ozone depletion (0.0006), 
eutrophication (0.2), carcinogenics (1.2), non-carcinogenics (0.3), and ecotoxicity (0.6). Due to the high 
impacts to carcinogenics and ecotoxicity with the solar PV-M system and equal weighting among impact 
categories, the aggregated environmental impacts (i.e., single score) of the natural gas generator (1.4) 
were lower than solar PV systems (2.5) (Figure B.9 in Appendix B). It should be noted that data for 
natural gas production in Ecoinvent database v.3 has not been updated since 2013. More recent 
information for natural gas production and processing with consideration of different extraction methods 
is needed. Moreover, the defined processes and models in LCA often fail to capture the variability and 
uncertainty inherent in LCA. To obtain more reliable results, conducting LCA under uncertainty is needed, 
such as Monte Carlo simulation and fuzzy set theory (LIoyd and Ries, 2007).  
On the other hand, despite high environmental impacts associated with the manufacture of solar 
PV systems, the use of all types of solar PV systems resulted in lower single scores than diesel and 
propane generators in all states due to environmental benefits by avoiding fuel use during operation. 
Among the solar PV systems, a solar PV-M system had lower environmental impacts than other types of 
solar PV systems due to a smaller system size requirement with its relatively higher system efficiency (18% 
for PV-M, 15% for PV-P, and 9% for PV-T). 
68 
 
Table 3.5 Calculated single score environmental impacts and life cycle costs of alternative 
electricity generation systems for aquaponics 
Options 
Florida Hawaii Washington Louisiana Maine 
Single 
score 
LCC ($) 
Single 
score 
LCC ($) 
Single 
score 
LCC ($) 
Single 
score 
LCC ($) 
Single 
score 
LCC ($) 
PV-M 2.45 837 2.34 -21,864 3.73 -6,147 2.55 8,354 2.53 7,553 
PV-P 2.66 -2,000 2.57 -24,512 4.14 -10,289 2.86 5,354 2.86 4,843 
PV-T 2.50 -3,056 2.41 -25,455 3.84 -11,684 2.63 4,109 2.62 3,739 
NG 1.44 5,882 1.44 15,916 1.44 7,128 1.44 4,697 1.10 4,705 
DG 15.6 17,733 15.6 19,930 15.6 19,930 15.6 17,049 11.5 13,687 
PG 9.98 7,188 9.98 7,276 9.84 7,276 9.98 6,971 7.40 5,834 
PV-M: solar photovoltaics with mono-crystalline, PV-P: solar photovoltaics with poly-crystalline, PV-T: solar photovoltaics with 
thin-film, NG: natural gas generator, DG: diesel generator, PG: propane generator, and LCC: normalized life cycle cost 
 
For LCCA, the use of the solar PV system was the most economical options in most states, except 
for LA and ME. This is mainly due to low relative local natural gas prices and the lack of incentives 
available for solar PV systems in LA and ME (Table 4). Due to these factors, the use of solar PV systems 
with mono-crystalline and poly-crystalline panels in LA and ME was less economical than the use of 
natural gas generators. Among solar PV systems, the use of the solar PV-T system was the most 
economical option among alternatives, mainly due to its relatively lower module price ($2.8/Wdc for PV-
M, $1.7/Wdc for PV-P, and $1.3/Wdc for PV-T).  
Among conventional energy sources, a natural gas generator was the most economical options in 
FL, LA, and ME, due to the low relative natural gas prices per kWh basis (0.64 $natural gas/$electricity in FL, 
0.73 $natural gas/$electricity in LA, and 0.59 $natural gas/$electricity in ME). On the other hand, a propane generator 
was more economical than a natural gas generator in HI, due to its greater economic benefits with a lower 
relative propane price (0.65 $natural gas/$electricity and 0.28 $propane/$electricity). Due to high relative local diesel 
prices, the use of a diesel generator was the least economical options in all states (>1.78 $diesel/$electricity). 
More details on environmental impacts and life cycle costs of the alternative electricity generation 
systems can be found in Figures B.9-10 in Appendix B.  
Figure 3.3 shows the calculated sustainability indices or SIs for alternative electricity generation 
systems used for aquaponics in the five U.S. states. Due to its high environmental impacts and low 
economic benefits, the use of diesel generators had the lowest SIs in all states. The use of a solar PV-T 
system showed the third lowest environmental impacts and the highest economic benefits, thereby the SIs 
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of solar PV-T systems were the highest among alternatives in all states. In LA and ME, along with the 
low environmental impacts and high economic benefits, SIs with natural gas generators were comparable 
or higher than the use of solar PV systems. As a result, the solar PV systems would be the most 
sustainable electricity generation options for aquaculture; however, the natural gas generator can be 
competitive.  
 
 
Figure 3.3 Calculated sustainability indices of alternative electricity systems used for aquaponics in 
FL, HI, WA, LA and ME 
 
3.3.4.2 Heating Systems 
 Table 3.6 shows the calculated normalized environmental impacts as a single score and 
normalized life cycle costs of alternative heating systems used for aquaponics. Due to the relatively lower 
emissions associated with the natural gas combustion, the use of natural gas boiler showed the lowest 
single scores in all states. Environmental impacts associated with SHW systems were higher than natural 
gas boilers, mainly due to the production of SHW components (i.e., thermal collectors, a storage tank, a 
pump, and thermal fluids) as well as the use of an electric pump, which was necessary for water 
circulation through thermal collectors and a hot water storage tank.  
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Table 3.6 Calculated single score environmental impacts and life cycle costs of alternative heating 
systems for aquaponics 
Options 
Florida Hawaii Washington Louisiana Maine 
Single 
score 
LCC ($) 
Single 
score 
LCC ($) 
Single 
score 
LCC ($) 
Single 
score 
LCC ($) 
Single 
score 
LCC ($) 
SHW 2.29 -10348 2.82 -179,846 3.10 12,025 2.64 11,483 4.76 18,255 
PB 2.76 1880 2.76 1,904 2.76 1,904 2.76 1,821 6.71 5,011 
NB 0.42 1523 0.42 4,267 0.42 1,864 0.42 1,199 1.00 3,992 
DB 3.30 5184 3.30 5,856 3.30 5,856 3.30 4,975 8.00 13,054 
SHW-
AD 
2.25 -8032 2.78 -171,000 3.10 13,664 2.60 13,011 4.72 20,046 
PB-AD 2.65 2828 2.66 2,962 2.70 2,972 2.66 2,798 6.65 6,198 
NB-AD 0.41 2484 0.41 5,238 0.41 2,932 0.41 2,198 1.02 5,188 
DB-AD 3.18 6008 3.18 6,769 3.22 6,820 3.19 5,844 7.97 14,167 
SHW: solar hot water system, PB: propane boiler, NB: natural gas boiler, DB: diesel boiler, AD: anaerobic digestion, and LCC: 
normalized life cycle cost  
 
When compared to the propane boilers, the SHW systems showed lower single scores in FL, LA, 
and ME, while they had higher single scores in HI and WA. Main reasons for the higher single scores of 
SHW systems were high emission factors for local electricity use (by an electric pump) in HI, and a 
relatively large size of a SHW system due to the cold climate condition in WA, respectively. In HI and 
WA, the estimated solar thermal collector sizes and emission factors for local electricity use were 5.4 m2 
and 0.919 kg CO2eq/kWh in HI and 8.9 m2 and 0.596 kg CO2eq/kWh in WA, respectively (Table B.9 in 
Appendix B). On the other hand, due to relatively higher environmental impacts associated with the 
production and combustion of diesel, the use of diesel boilers showed the highest single score 
environmental impacts in all states.  
 Since the considered aquaponics systems are small-scale, the amount of biogas produced with 
fish wastes was negligible (i.e., 3.8 MJ/day). Therefore, the use of anaerobic digestion system as a backup 
showed only a slight reduction in environmental impacts (Table 3.6). In terms of LCCA in heating 
systems, the use of SHW systems was the most economical options in FL and HI due to the available 
incentives, high local electricity rates, and favorable climatic conditions (e.g., solar insolation and 
ambient temperature) for the systems. On the other hand, in WA, LA, and ME, the relative natural gas 
prices were the lowest among alternative fuels. Therefore, the use of natural gas boilers was the most 
economical options in WA, LA, and ME, followed by propane boilers, diesel boilers, and SHW systems. 
In these regions, SHW systems were the least economic options, mainly due to the lack of incentives. 
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Additionally, low local electricity rates in WA and LA and unfavorable climatic conditions in ME (e.g., 
low global solar insolation) resulted in low economic benefits for SHW systems in these regions. Unlike 
the environmental benefits, the use of anaerobic digestion did not result in economic benefits due to its 
high initial costs and low energy savings through biogas generation. More details on environmental 
impacts and life cycle costs of the alternative heating systems can be found in Figures B.11-12 in 
Appendix B. 
 For the sustainability performances of heating systems, the use of SHW systems showed the 
highest SIs in FL and HI, followed by natural gas boilers, propane boilers and diesel boilers (Figure 3.4).  
 
 
Figure 3.4 Calculated sustainability indices of alternative heating systems used for aquaponics in 
FL, HI, WA, LA and ME 
 
In WA, LA and ME, the use of natural gas boilers showed the highest SIs, followed by propane 
boilers, diesel boilers, and SHW systems. The use of anaerobic digestion as a backup resulted in a lower 
SI than the use of the alternative heating system without the anaerobic digestion system. Therefore, the 
anaerobic digestion systems integrated with diesel boilers in FL and with SHW systems in WA, LA, and 
ME, were the least sustainable heating options. In HI, the use of a diesel boiler integrated with anaerobic 
digestion system showed a slightly higher SI (+0.006) than the use of a diesel boiler as a single unit due to 
the lower environmental impacts associated with anaerobic digestion. The results indicated that the use of 
SHW systems should be recommended for a sustainable heating option in the regions where there are 
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incentives, high local fuel rates, and favorable climatic conditions (i.e. high global solar insolation and 
high ambient temperature). 
 
3.3.4.3 Effect of Weighting Factors 
Figure 3.5 shows the calculated SIs of alternative electricity generation and heating systems based 
on the two weighting schemes. For electricity generation systems, solar PV-P and PV-T systems showed 
generally lower SIs with the weighting set by regulators, while SIs of the solar PV-M systems were 
higher from the regulators’ perspective. This is due to the low environmental impacts associated with the 
use of the solar PV-M system and the higher priority to environmental impacts in the regulators’ 
weighting scheme. Similarly, due to the low environmental impacts associated with the use of natural gas, 
the SIs of natural gas options were higher with the regulators’ weighting scheme than those with the 
industry’s scheme. Therefore, by using the regulators’ weighting scheme, the use of natural gas generator 
ranked from 5th sustainable option to 4th sustainable option in HI and from 2nd sustainable option to 1st 
sustainable option in ME, respectively. The overall sustainability rankings for electricity generation 
systems in other regions were the same between the two weighting schemes.  
For heating systems, the overall sustainability rankings changed only in ME. With the weighting 
set by regulators, the ranking of the SHW system increased from 7th to 5th due to its low environmental 
impacts (Table 3.6). Interestingly, compared to industry’s scheme, the results with the regulator’s scheme 
showed higher SIs of anaerobic digestion systems with conventional energy sources (propane, natural gas, 
and diesel) in FL and HI, while the use of anaerobic digestion systems showed higher SIs when coupled 
with a renewable source (i.e., the SHW system) in WA, LA and ME (Figure 3.5-(b)). The improvement in 
SIs for different hybrid systems is mainly due to the reduced environmental impacts by using anaerobic 
digestion systems and the higher priority to environmental impact in the regulator’s weighting scheme. 
Due to high environmental impacts and low economic benefits, SIs with diesel generators did not 
change with different weighting sets, indicating the use of diesel generator is the least sustainable option 
from both industry’ and regulators’ perspectives. 
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The results showed that different perspectives may lead to different decisions on sustainable 
energy systems in aquaculture. Therefore, it would be important to plan energy supply decisions for 
aquaculture with consideration of various perspectives on sustainable aquaculture development. 
 
(a) 
 
(b) 
 
Figure 3.5 Sustainability indices of alternative energy systems based on weighting factors for 
environment and economics from aquaculture industry (blue) and regulator (orange) 
 
3.4 Conclusions 
The proper planning of energy systems in aquaculture is important to improve the environmental 
and economic sustainability of fish production systems. The sustainability of energy systems; however, is 
often evaluated using a single criterion (typically economic performance). The FEAST is designed to 
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assist the energy supply decisions for U.S. aquaculture by individual aquaculturists, planners, and 
regulators through the comprehensive sustainability assessment. The tool can be used to assess the 
environmental and economic impacts of different renewable and non-renewable energy systems used for 
various forms of fish farms, and to determine the most sustainable energy options with the consideration 
of the local climatic and economic contexts in the U.S. states.  
Results indicated that the use of solar systems (solar PV system and SHW system) could be the 
most sustainable energy options for aquaculture in most regions of the U.S from both industry’s and 
regulators’ perspectives, depending on climatic conditions and supportive policies (SI > 0.8 for solar PV 
system and SI > 0.6 for SHW system in FL and HI). The use of natural gas systems was more sustainable 
from the regulators’ point of view. Therefore, careful consideration should be given to the supportive 
policies and regulations for solar systems to be more competitive. The applications of anaerobic digestion 
for heating systems can help reduce environmental impacts; however, its economic viability should be 
improved.    
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CHAPTER 4: ECONOMIC AND ENVIRONMENTAL LIFE CYCLE ASSESSMENTS OF 
SOLAR WATER HEATERS APPLIED TO AQUACULTURE IN THE U.S. (TASK 3) 
4.1 Introduction 
As the world population is expected to reach approximately 8.2 billion by 2025, food fish 
production sectors will also need to expand to meet the increasing demand (UN, 2015). However, feeding 
the expected world population without depleting resources and damaging the environment is challenging 
because aquaculture has been grown at the expense of natural resources and became more energy 
intensive (Delagado et al., 2003; Msangi et al., 2013). In addition to resource limitation, global climate 
change is expected to undesirably impact on food security (Dawson et al., 2016). To address these 
challenges, aquaculture sector has to be more effective in utilizing the finite resources and explore 
alternative energy sources. 
In an attempt to improve the efficiency of fish production and management in aquaculture, a 
considerable amount of research and development has been conducted addressing various physical and 
chemical factors including: temperature (Azaza et al., 2008; Baras et al., 2001; Bear, 2005; Coman et al., 
2002; El-Sayed et al., 1996; Houde, 1989; Imsland et al., 2005; Jobling, 1981; Kappenman et al., 2009; 
Morvan et al., 1998), stocking density (d’Orbcastel et al., 2009; Gall and Bakar, 1999; Huang, 1997; 
M’balaka et al., 2012; Wallace et al., 1988 ), salinity (Likongwe et al., 1996; Watanabe et al., 1993), feed 
composition (Aksnes et al., 1996; Bobadilla et al., 2005; Coutteau et al., 1997; Storebakken, 1985), 
chemical use (Alekshun and Levy, 2007; Guardabassi and Courvalin, 2006; Nikaido, 2009; Todar, 2008), 
and water levels and flows (Ahmed and Solomon, 2016; El-Sayed et al., 1996; Oca et al., 2004; 
Pakkasmaa and Piironen, 2000). Among these factors, temperature has a direct effect on growth or 
production of fish because most of the aquatic species are cold-blooded (Asheim et al., 2011; Ahmed and 
2 This chapter has been accepted for publication in Journal of Aquaculture
81 
 
Solomon, 2016; Carey et al., 1971; Fry, 1947) and temperature can govern species’ metabolic rates, 
oxygen solubility, and act as a lethal agent (Beitinger et al., 2000; Fry, 1947; McCauley and Kilgour, 
1990).  
Such effects of temperature on fish production can be related to the economic performance of 
aquaculture. When fish are fed with suitable rations at constant temperatures, survivability or growth rates 
of fish increases with temperature to a maximum and then decreases when temperature approaches the 
upper lethal water temperature (Baras et al., 2001; Colt et al., 2008; Hernández et al., 2007; León et al., 
2006; McCauley and Kilgour, 1990; Pauly, 1980; Thyholdt, 2014). In other words, fish can grow faster at 
the optimal temperature, thereby reducing harvesting cycles or improving annual revenues (Yuan et al., 
2017). On the other hand, fish kills can occur by exposure to either high or low temperatures. To reduce 
fish kills, heating water can be more important than cooling water because most fish are more tolerant to 
heat than cold (Davenport and Castel, 1985; Enzor et al., 2017; Payne et al., 2016), and their optimum and 
upper lethal temperatures are above ambient water temperatures (Jobling, 1981; Mundahl, 1990). 
Considering the significant roles of temperature and the fish’s properties, best performance in aquaculture 
can be achieved when water temperatures are optimal (Colt et al., 2008).  
In a cold climate, heating of water is necessary to maintain the optimal temperature for fish. 
Conventional water heaters employ electricity, oil, gas, geothermic water, and industrial waste heat as 
energy sources (Lekang, 2007). As direct energy sources, electricity can be utilized through immersion 
heaters, while oil and gas can be applied in submerged combustion chambers. On the other hand, 
geothermic water and industrial waste heat can be used either directly or indirectly via heat exchangers 
(Lekang, 2007). Although heating of water is important in aquaculture, costs of heating large quantities of 
water are prohibitive (Baird et al., 1994; Lin et al., 2017). Wang et al. (2007) reported that heating large 
volumes of cold seawater for saltwater fish production can significantly increase operating costs. Colt et 
al. (2008) suggested that heating demands can be reduced significantly by reusing the heated water (e.g., 
recirculating aquaculture systems); however, this type of system requires higher energy costs for pumping 
and wastewater treatment. Thus, alternative heating sources, such as solar energy, have been studied not 
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only to reduce water heating costs in both open (outdoor) and indoor aquaculture systems (Atia et al., 
2012; Baird et al., 1994; Bender, 1984; Gaigher and Leu, 1985; Ioakeimidis et al., 2013), but also to 
mitigate the environmental impacts of energy intensive fish production systems (Aubin et al., 2009; Ayer 
and Tyedmers, 2009; Kim et al., 2015; Liu et al., 2016).  
Solar water heating systems are simple heat exchangers that convert energy of solar radiation to 
internal energy of the transport medium. The collected solar energy can be transferred either directly to 
the hot water or to a thermal energy storage tank for use at night-time and/or overcast days (Kalogirou, 
2004b). Solar water heating systems are typically grouped into two categories: passive and active. Passive 
solar systems, such as thermosyphon systems and integrated collector storage systems, transfer heat by 
natural convection between a collector and an elevated storage tank. This type of solar water heating 
system requires lower operating costs, but is not easily integrated into existing systems. Thus, it performs 
best when initially designed into the structure (Plaia and Willis, 1985). On the other hand, active solar 
systems use an electric circulating pump, valves and controllers. This type of system requires higher 
operating costs; however, it is more flexible and readily adjustable to existing buildings and systems 
(Plaia and Willis, 1985). In aquaculture, the most widely used type of solar collector is a flat plate 
collector because it is conducive to heating large volumes of water by a few temperature rises (Kalogirou, 
2004b). The flat plate collector can be either unglazed or glazed. Unglazed flat plate collectors are low-
cost, but thermal losses to the environment by radiation and convection can be great in windy locations 
(Tripanagnostopoulos et al., 2000). On the other hand, glazed flat plate collectors are usually made of 
copper tubing on an aluminum plate with glass covering, which increases their cost but captures solar 
energy more efficiently than unglazed flat plate collectors in colder climates (Burch et al., 2005; Ogueke 
et al., 2009). Thus, glazed flat plat collectors can be used year-around for aquaculture in many climates.  
A variety of past studies investigated economic and/or environmental impacts of solar water 
heating systems for domestic applications, such as hot water systems for small and large scales of 
households and buildings (Crawford et al., 2003; Fisch et al., 1998; Greening and Azapagic, 2014; Hang 
2012; Hasan, 2001; Kalogirou, 2009; Keyanpour-Rad et al., 2000; Koroneos and Nanaki, 2012; Richter, 
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2008), yet to date, there is no systematic evaluation of economic and environmental impacts of solar 
water heating systems implemented in aquaculture. Furthermore, the existing studies on solar water 
heating systems used for aquaculture mainly focused on its economic performance in a specific 
geographical location. For instance, Atia et al. (2012) performed life cycle cost analysis on a solar water 
heating system to economically optimize its size for aquaculture in Egypt. Liu (2013) reported that the 
use of a solar powered ground source heat pump designed for aquaculture can reduce operational costs by 
nearly 80% in China. Plaia and Willis (1985) suggested that solar water heating systems can be an 
economical alternative to conventional heating systems in Florida. Baird et al. (1994) reported that the 
payback period of a solar water heating system was within one year in Florida. Ioakemidis et al. (2013) 
reported that the use of solar water heating system can be economically feasible when installed in Greece 
with a payback period of 5 years.  
The previous studies quantified the economic benefits of solar water heating systems in terms of 
saved energy costs, when compared to conventional heating methods. As mentioned, however, the results 
are limited to the studied geographical locations or similar climate conditions. In aquaculture, the 
performance and economic benefits of solar water heating systems can vary when the factors of climate, 
configurations, and operational strategies are considered (Fuller, 2007; Hang et al., 2012). For instance, 
the required heating amounts and required size of solar water heating systems can differ depending on 
initial temperatures of the water source, cultured species, and geographical characteristics where 
aquaculture systems are located. In addition, economic benefits of solar water heating systems for 
aquaculture with consideration of the effect of temperature on fish production (i.e., growth or survival 
rates) has not yet been investigated. In other words, more revenues from fish production can be obtained 
with the implementation of solar water heating systems compared to that from fish production without 
heating systems.  
The goal of this study is to investigate the applicability of solar water heating systems under 
different geographical conditions (cold, moderate, and hot climates), water sources (groundwater and 
streamwater), heating demands (0 to 100% heating), and solar system designs (horizontally or optimally 
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oriented solar panel) with consideration of both environmental and economic impacts. To understand the 
environmental and economic impacts of solar water heaters, an electric water heater was considered as a 
baseline in the study. As representative sites for climate conditions, three locations are considered, 
including Florida, Washington, and California. Instead of energy savings, economic benefits of solar 
water heating systems were analyzed by investigating the effect of water temperature on fish mortality 
and profitability in aquaculture. In addition, sensitivity of the assessment results to various inputs, 
including electricity costs, cost of solar thermal collector, collector efficiency, retail fish price, the number 
of initial fish stocks, and choice of species, were evaluated.  
 
4.2 Methods 
4.2.1 System Description 
In this study, due to the flexibility, efficiency, and applicability, active solar water heating 
systems using glazed flat collectors were selected for aquaculture application.  Figure 4.1 shows a 
schematic of a solar water heating system implemented for a hypothetical Recirculating Aquaculture 
System (RAS) under indoor and outdoor conditions. The total volume of water required for fish rearing 
was determined by a stocking density of 100 kg tilapia per m3, which was considered as an average 
stocking density for an intensive RAS operation in optimal condition (d’Orbacastel et al., 2009; Soltan, 
2016). Due to a loss of water in the RAS mainly by evaporation, water exchanges and discharge of excess 
sludge, some of water is added to the rearing system on a daily basis. The amount of make-up water 
varies from 3% to 20%, depending on cultured species and rearing conditions, such as stocking density 
and daily feeding rates (Colt et al., 2008; Naegel, 1977). In this study, daily water replacement of the 
system was assumed to be 15% of the total water volume. For refilling fish tanks, water is pumped from 
nearby streams and stored in a storage tank. During sun hours, the stored water is heated through the solar 
water heating system and transferred to the rearing unit by gravity flow. The size of the water storage tank 
is estimated based upon the volume of daily water replacement. The storage tank is well insulated to 
minimize thermal loss to the environment. The solar water heating system is automatically controlled by a 
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temperature regulator so that it can be turned off when water temperature exceeds a set temperature range. 
The main fish tank is equipped with an auxiliary electric boiler to compensate for the daily heat loss to the 
environment. More details for assumptions used for the hypothetical RAS can be found in C.1.1 in 
Appendix C.  
 
Figure 4.1 Schematic of a solar water heating system, system operation, and boundary for indoor or 
outdoor aquaculture systems 
 
A solar thermal collector is glazed and faces south. Table 4.1 describes specifications of the solar 
thermal collector. The tilt angle of the solar collector is adjusted once a month to maximize its efficiency. 
The average optimum tilt angle for each month was estimated by Eq. 3.1 in Chapter 3. 
Table 4.1 Specifications of the solar thermal collector 
Type of solar thermal collector Flat plate collector 
Glazing Glass sheet 
Header, Riser tube, and Fin materials Steel 
Insulation material Foam 
Absorber coating Selective 
Gross area (m2) 1.983 
Intercept of collector efficiency: FR(τsαs) 0.759 
Slope of collector efficiency (W/m2-ºC): FRUc 5.93 
Thermal fluid Water (50%) – propylene glycol (50%) 
Note: FR, (τsαs), and Uc are the heat removal factor, the transmittance-absorbance product, and the heat-loss coefficient of the 
solar collector, respectively, which were obtained from the Florida Solar Energy Center (FSEC). 
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4.2.2 Design of the Water Heating System 
The size of the water heating system was calculated based on thermal energy requirements of 
RAS under indoor and outdoor conditions. Heating the make-up water, even for indoor RAS, requires 
substantial thermal energy; therefore, designing a solar water heater for the whole rearing systems may 
not be economically feasible (Baird et al., 1994). Accordingly, the solar water heating system in this study 
was designed for heating the make-up water. On the other hand, thermal energy requirements due to the 
heat loss to the environment were used to estimate the size of an auxiliary electric water boiler for the fish 
tank. To estimate monthly heat requirements, it was assumed that the water temperature of the main fish 
tank can immediately reach the target water temperature using hot water from the solar water heater since 
the required heat is negligible compared with the heat requirement over a 10-year lifespan, and the target 
water temperature of the main fish tank remains constant all day by covering heat losses with an auxiliary 
electric heater. More details about this assumption can be found in C.1.2 in Appendix C.   
Daily heating demand of the indoor aquaculture includes five components, which are conduction, 
evaporation, water refill, convection, and radiation (Chow et al., 2012). For outdoor aquaculture, the 
major heat loss includes evaporation, water refill, convection, and radiation, while the main heat sources 
for these systems are direct solar irradiation and water boilers (Lam and Chan, 2001). Therefore, heating 
demands for indoor and outdoor aquaculture systems can be calculated as follows: 
                                          𝑄𝑖𝑛𝑑𝑜𝑜𝑟 = 𝑄𝑐𝑑 + 𝑄𝑒 + 𝑄𝑟 + 𝑄𝑐𝑣 + 𝑄𝑟𝑎𝑑                            Equation 4.1 
                                         𝑄𝑜𝑢𝑡𝑑𝑜𝑜𝑟 =  𝑄𝑒 + 𝑄𝑐𝑣 + 𝑄𝑟 + 𝑄𝑟𝑎𝑑 − 𝑄𝑠                            Equation 4.2 
where Qcd is the heat loss by conduction through the side surface of the fish tank (kW), Qe is the heat loss 
by water evaporation (kW), Qr is the rate of energy for daily make-up water heating (kW), Qcv is the heat 
loss by convection at water surface (kW), Qrad is the heat loss by long-wave radiation exchange (kW), and 
Qs is the rate of solar heat gain (kW).  
Among the heat loss components, Qr was used to estimate the size of a solar thermal collector, 
while the rest of the heat loss components (i.e., Qcd, Qe, Qcv, and Qrad) were used to determine the size of 
an auxiliary electric water boiler. Heat loss for Qr was calculated as follows: 
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                                      𝑄𝑟 =  𝐶𝑝?̇?𝜌(𝑇𝑤 − 𝑇𝑟)                                                  Equation 4.3 
where Cp is the specific heat of water (4.18 kJ/kg-˚C), ?̇? is the volumetric feed water flow rate (m3/s), and 
𝜌 is the density of water (kg/m3). Tw and Tr are the temperature of fish tank and the initial monthly mean 
make-up water temperature (˚C), respectively. Tr was assumed to be equal to the source stream 
temperature, which was obtained from the United States Geological Survey (USGS). Equations and 
assumptions used to calculate Qcd, Qe, Qcv, Qrad, and Qs were described in C.2 in Appendix C. The size of 
the solar thermal collector was determined based on solar collector characteristics, local climatic 
conditions, and the maximum daily heat load for Qr over a year.  
                          𝑞𝑢 =  ∑ 𝐹𝑅  ×  {𝜏𝑠𝛼𝑠𝐼𝑐 −  𝑈𝑐(𝑇𝑟 − 𝑇𝑎𝑚𝑏)}  ×  10
−3𝑠ℎ
𝑖=1                       Equation 4.4 
                                                       𝐴𝑐 = 𝑄𝑟,𝑚𝑎𝑥/𝑞𝑢                                                      Equation 4.5 
where qu is the daily useful heat energy produced from a solar thermal collector (kWh/m2), sh is the daily 
average sun hours, Ic is the global solar insolation on a collector surface (Wh/m2), Tamb is the local ambient 
air temperature (°C), Ac is the total collector area (m2), and Qr,max is the maximum daily heating demand 
for the make-up water over a year (kWh). FR, (τsαs), and Uc are collector efficiency-related factors defined 
in Table 4.1. Details for estimation of the monthly average sh and Ic were described in Tables B.3-4 in 
Appendix B.  
 
4.2.3 Site Description 
In general, heating demands are greater in colder climate regions, resulting in higher initial costs 
of the solar water heating systems. However, there is a relative economic advantage associated with 
temperature’s effect on an increased rate of fish production in colder climate regions as compared to 
warmer climate regions. Therefore, three states in the U.S., including Washington (WA), California (CA), 
and Florida (FL), were chosen to consider the role of geographical heterogeneity on economic and 
environmental consequences of the use of solar water heating systems for aquaculture. In addition, the 
optimal heating strategies in these states were investigated by varying heating amounts to be 20%, 50%, 
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80%, and 100% of the total heating demands for make-up water (Qr), where 100% heating means that the 
make-up water is heated to the optimum water temperature for fish (27 °C in this study) before 
transferring into the main fish tank.  
The selected states ranked among the top 10 in aquaculture sales in 2012 (USDA, 2014), and their 
geographically specific parameters (water temperature, ambient air temperature, and solar irradiance) 
during the winter season are shown in Figure 4.2. Among the three states, FL showed the highest levels in 
all of the geographical parameters, while WA showed the lowest levels in the geographical factors. 
Therefore, WA, CA, and FL were distinguished as L (low level) for cold climate, M (medium level) for 
moderate climate, and H (high level) for hot climate, respectively. One representative county, where the 
geographical characteristics are similar to the characteristics of each state (Figure 4.2), was chosen, 
including Hillsborough County in FL, San Bernardino County in CA, and Pierce County in Washington, 
respectively. 
 
Figure 4.2 Average winter characteristics of selected locations (data sources: (a) daily global 
insolation was estimated based on local information; details can be found in Table C.1 and Fig. C.2 
in Appendix C. (*) groundwater temperatures were estimated based on the average groundwater 
temperature map from United States Environmental Protection Agency (EPA), (**) from United 
States Geological Survey (USGS), and (***) from Typical Meteorological Year (TMY) 3 data) 
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4.2.4 Life Cycle Assessment (LCA) 
This study follows the International Organization for Standardization (ISO) methodological 
framework for environmental impact assessment, including goal and scope definition, inventory analysis, 
impact assessment, and interpretation (ISO, 2006a, 2006b).  
 
4.2.4.1 Goal and Scope Definition 
The goal of the Life Cycle Assessment (LCA) was to investigate the life cycle environmental 
impacts and costs of solar water heating systems used for fish production improvement, and compare 
solar water heating systems under different conditions, including heating strategy, solar system design, 
aquaculture system layout, water source, and geographical context. Key questions this study addresses are: 
how the investigated factors impact on the environmental and economic sustainability of solar water 
heating systems applied to aquaculture, and which combination of the factors results in the lowest 
environmental impacts and life cycle costs. From a scientific perspective, these results can help to 
improve the understanding of environmental and economic sustainability of solar water heaters applied to 
aquaculture. From a practical perspective, these results can help the interested stakeholders and decision 
makers, such as fish farmers and managers, to implement the solar water heaters in a sustainable way 
through better operational strategies and designs.  
The function of the solar water heating system in the study is to improve annual production by 
reducing fish mortality using hot water. Therefore, the Functional Unit (FU) was chosen as an additional 
1,000 kg fish production (as a result of using hot water) per year over the course of 10 years. This time 
horizon considers a conservative life span of the solar water heating system (Comodi et al., 2016). The 
system boundary was cradle-to-grave including: raw material extraction, production, transportation (from 
raw material extraction site to manufacturer), installation and maintenance, operation, and disposal, 
associated with the solar water heating system. It was assumed that all other components of the entire 
aquaculture systems are the same. The manufacturing stage of the solar water heater is often considered 
as the largest contributor of life cycle environmental impacts followed by the use phase (Koroneos and 
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Nanaki, 2012). Also, currently, no information is available on whether components of the solar water 
heater are reused (Koroneos and Nanaki, 2012; Tripanagnostopoulos et al., 2005). Therefore, recycling of 
materials was not considered in this study, and all components were assumed to be disposed into a landfill. 
In addition, allocation may be required when a process generates more than one product (i.e., a 
multifunctional process). The process of the solar water heater in this study is not multifunctional; thus, 
no allocation is needed for this process. However, the attributional system model with the default 
allocation method based on economic values was selected for the processes from Ecoinvent database v.3 
implemented in Simapro (v.8) in this study.  
 
4.2.4.2 Life Cycle Inventory (LCI) 
Data based upon materials, energy, and emissions to the environment for the solar water heating 
system and auxiliary water boiler were retrieved from Ecoinvent database v.3 and supplemented with 
other literature (Ardente et al., 2005; Carnevale et al., 2014). The installation and maintenance stages 
were inventoried based on literature as detailed in Table 4.2. The detailed inventory for 1 m2 of solar 
thermal collector production can be found in Table C.2 in Appendix C. The operation phase consists 
primarily of the electricity consumed for pumping through a solar water heating system and 
supplementary heating using an auxiliary electric water boiler.  
Table 4.2 Inventory of installation and maintenance stages 
Process  Material Amount Unit Reference 
Installation 
Electricity 
Electricity, low 
voltage 
1.25 kWh/m2 
Carnevale 
et al., 2014 
Supporting 
structure 
Galvanized steel 
Stainless steel 
12.7 
0.23 
kg/m2 
kg/m2 
Ardente et 
al., 2005 
Maintenance 
Thermal fluid 
(every 8 years) 
Water – 
propylene glycol 
(50% - 50%) 
0.42 
33.75 
kg/m2 of solar collector 
kg/m3 of storage tank 
Ardente et 
al., 2005 
 
4.2.4.3 Life Cycle Impact Assessment and Interpretation 
The impact assessment was conducted using the Tool for the Reduction and Assessment of 
Chemical and Other Environmental Impacts (TRACI 2.1) which is suitable for North America. The 
91 
 
impact categories include ozone depletion, global warming, acidification, eutrophication, eco-toxicity, 
smog formation, human health carcinogenics and non-carcinogenics, human health criteria pollutants, and 
fossil fuel use. Since the main focus of this study is to investigate the applicability of solar water heater 
for aquaculture under different operational strategies, designs, settings, and climate conditions rather than 
an investigation of the trade-offs between life cycle stages and impact categories of solar water heating 
systems, providing a clear comparison among different alternatives would be more beneficial. Therefore, 
environmental impacts of solar water heaters were assessed and compared based on a single score method. 
To obtain a single score, the results were aggregated using normalization values with equal weighting 
among the impact categories (Ryberg et al., 2014). Unweighted environmental impacts were presented in 
C.3 in Appendix C. 
 
4.2.4.4 Life Cycle Cost Analysis 
Life Cycle Cost Analysis (LCCA) was performed to investigate the economic feasibility of 
implementing solar water heating systems with different operational strategies and geographical 
conditions. Life Cycle Cost (LCC) was computed as follows (ISO, 2017): 
    LCC = {CI − CS  ×  SPV + (CO&M  ×  UPV
∗ − 𝑅 ×  UPV)} ×  𝐹𝑈/𝑃                      Equation 4.6  
where LCC is the life cycle cost of a solar water heating system, CI is the initial investment, including the 
solar water heating system and the auxiliary electric boiler, CS is the salvage value, SPV represents the 
single present value factor, UPV* is the modified uniform present value factor, UPV is the uniform 
present value factor, and CO&M indicates the cost of operation and maintenance. R represents annual 
revenues associated with improved fish productivity via solar water heating systems. FU is the functional 
unit (i.e., additional 1,000 kg fish production per year) and P is the final annual production in kg/yr. Since 
all the heating components were assumed to have lifespans longer than 10 years, a replacement cost was 
not included. 
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The SPV, UPV and UPV* factors are calculated as follows: 
                                                         SPV = 1/(1 + 𝑖)𝑛                                                 Equation 4.7 
                                    UP𝑉∗ = (1 + 𝑒)/(𝑖 − 𝑒)[1 − ((1 + 𝑒)/(1 + 𝑖))𝑛]                   Equation 4.8 
                                                 UPV = ((1 + 𝑖)𝑛) − 1)/(𝑖(1 + 𝑖)𝑛)                             Equation 4.9 
where e is escalation rate and i is interest rate, and n is a lifetime of 10 years. In this study, e and i are 
0.0048 and 0.03, respectively. The escalation rate was obtained from the Annual Supplement to NIST 
Handbook 135 for U.S. states average, and the discount rate was based on Department of Energy (DOE) 
discount rate for 2016 (Lavappa and Kneifel, 2015). 
The R is estimated as follows:  
                                                     𝑅 = 𝑅𝑠 − 𝑅𝑜                                                            Equation 4.10 
where Rs is the annual revenues with a solar water heating system, and Ro is the annual revenues without a 
heating system. Note that Ro is estimated based on fish production rates associated with initial water 
temperatures; therefore, no heat energy is required, while fish production rates associated with Rs is 
calculated based on increased water temperatures using a solar water heating system.  
In this study, Nile tilapia is considered as the cultivating species. Nile tilapia flourishes at a water 
temperature range between 24 to 32 ˚C, which is above ambient temperatures in most ponds and buildings 
during the winter seasons (Baras et al., 2001). In order to estimate the amount of fish production, specific 
survival rates for Nile tilapia at different rearing water temperatures were calculated using a Baras’ log-
logistic equation given by Baras et al. (2001): 
                                    ln (𝑠 (1 − 𝑠))⁄ =  −39.95 + 3.195𝑇 − 0.058𝑇2                    Equation 4.11 
where s indicates a survival rate for Nile tilapia raised at a certain average water temperature and T is the 
average ambient water temperature (˚C) over a rearing period. It was assumed that stocked juveniles were 
raised for six months and then sold to market at a market price of 2.5 USD per tilapia (USDA, 2014). 
Table 4.3 describes the details considered in LCC.  
 
 
93 
 
Table 4.3 Parameters and costs considered in life cycle cost estimation 
System Parameter Unit Value 
Solar water 
heating system 
Capital cost USD/m2 250* 
Annual operation and maintenance costs Fraction of initial cost 0.02* 
Salvage cost Fraction of initial cost 0.2* 
Balance of system cost USD 12,000* 
Auxiliary 
electric water 
heater 
Capital cost USD/kW 45* 
Maintenance cost Fraction of initial cost 2.7* 
Operational energy cost cent/kWh 11.5*** 
Others 
Useful lifetime of a solar water heater years 15 
Useful lifetime of an electric boiler years 12 
Useful lifetime of a pump and a storage tank years 15 
Market price of tilapia USD/fish 2.5** 
Initial fish stock Number of fish 9,000 
Production cycle Months 6 
Production cycle per year Cycle/year 2 
Note: Balance of system is additional equipment other than solar collector which includes water storage tank, plumbing, etc. 
(data sources: (*) Atia et al., 2012, (**) from USDA 2014, and (***) electricity prices for FL, CA, and WA were obtained from 
US EIA July, 2016) 
 
4.2.4.5 Considerations of Energy and Water Sources and Design Factors 
In an attempt to assess the relative environmental and economic benefits of solar water heating 
systems compared to other conventional energy sources in aquaculture, an electric water heater was 
considered. The size of the electric heater was calculated based on the heat requirements which were 
provided by the solar water heater. Same as the solar water heater, the electric heater heats the refilling 
water in a water storage tank, and the heated water is transferred into the main fish tank. The water 
temperature of the main fish tank is controlled to keep target water temperatures by using an additional 
auxiliary electric boiler. 
Unlike streamwater, groundwater is commonly assumed to have a constant temperature over a 
year (Colt and Tomasso, 2001), which may require less heating energy during winter season but need 
more heating energy during summer season. In addition, solar collectors are sometimes fixed horizontally 
to avoid the installation of supporting structures. However, such an operational design sacrifices the 
collector’s efficiency (Mateus and Oliveria, 2009). To evaluate environmental and economic 
contributions of these factors, three other operational strategies were considered, including the use of 
groundwater, with or without considering monthly optimal collector tilt angle adjustment (G-O and G-H, 
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respectively), and the use of streamwater with the horizontally fixed solar collectors (S-H). For the 
economic assessment, cost of the supporting structure for solar water heating systems was assumed to be 
about 17% of the total solar water heating system cost (Medved et al., 2003). Groundwater temperatures 
for WA, CA, and FL are assumed to be 9.7 ˚C, 16 ˚C, and 22 ˚C, respectively (U.S. EPA, 2016).  
 
4.2.5 Sensitivity Analysis 
To evaluate the sensitivity of assessment results to different inputs, the impacts were reevaluated 
after individually varying each input by 10%. Economic input factors such as retail fish price, electricity 
price, and solar system costs were considered in order to assess the effect of potential changes in market 
conditions. Additionally, varying the number of initial fish stocks can affect the maximum annual income 
as well as the size of water storage tank for the solar water heating system. Furthermore, varying solar 
collector efficiency can be directly associated with the required size of solar collectors, which influences 
both economic and environmental impacts. The annual revenues (RS) and heating demands (Q) are 
dependent upon a thermal preferendum of cultured fish. Therefore, the number of initial fish stocks, solar 
collector efficiency and choice of species were considered as both economic and environmental input 
factors. For the sensitivity analysis with species, three optimal water temperatures were assumed, 
including 22 ˚C for cold-water species, 27 ˚C for warm-water species, and 32 ˚C for hot-water species, 
respectively (Tidwell, 2012). Equations to calculate survival rates for cold-water and hot-water species 
were adjusted from the Baras’ log-logistic equation (±5 ˚C), which was used for Nile tilapia. The 
distributions of survival rates for the specified species were described in Figure C.3 in Appendix C. The 
sensitivity was expressed as a dimensionless index given by:  
                                                              SSI =
(𝑦2−𝑦1) 𝑦0⁄
(𝑥2−𝑥1) 𝑥0⁄
                                              Equation 4.12 
where SSI is the sensitivity index, y0 is the LCC output calculated with an initial value x0 of the input 
parameter. y2 and y1 are the LCC outputs calculated corresponding x values (i.e., x2 and x1) of the input 
parameter. The sensitiviy was assessed using four classes: very high sensitivity for |SSI|>1, high 
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sensitivity for |SSI| = [0.2,1], medium sensitivity for |SSI|= [0.05, 0.2), and negligible sensitivity for |SSI| 
= [0, 0.05) (Lenhart et al., 2002). 
 
4.3 Results and Discussion 
4.3.1 Environmental and Economic Performances of Solar Water Heating Systems    
The main environmental and economic impacts of solar water heating systems implemented to 
improve fish production were calculated and normalized, as shown in Figure 4.3 and Table 4.4. The 
results were categorized into four different heating strategies, including 20%, 50%, 80%, and 100% 
heating for the make-up water (streamwater as a water source) in the cold (L), moderate (M), and hot (H) 
climate regions, and compared under the two scenarios (outdoor and indoor). Estimated heated water 
temperatures with the considered heating strategies (i.e., variable change between 20% and 100%) for 
each climate case can be found in Table C.3 in Appendix C.  
 
Figure 4.3 Single score of environmental impacts per functional unit (FU) of solar water heating 
systems for outdoor and indoor aquaculture (H: Hot climate (FL), M: Moderate climate (CA), and 
L: Cold climate (WA)) (Note: Dashes indicate the environmental impacts of electric heater use. 
Results of unweighted environmental impacts can be found in C.3 in Appendix C.) 
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Table 4.4 Life cycle costs of solar water heaters and electric heaters (Unit: USD) 
Heating method Solar water heater Electric heater 
Setting Indoor Outdoor Indoor Outdoor 
Heating strategy 
(%) 
20 50 80 100 20 50 80 100 20 50 80 100 20 50 80 100 
Climate 
Hot -1,677 -2,964 -2,820 -2,568 -1,639 -2,890 -2,705 -2,429 -2,395 -3,541 -3,310 -3,005 -2,351 -3,469 -3,197 -2,867 
Moderate -14,354 -50,495 -66,883 -10,061 -814 -7,362 -10,377 -9,693 -11,305 -43,184 -57,856 -9,108 -2,049 -7,731 -10,371 -9,511 
Cold 117,801 -13,664 -16,545 -15,512 130,735 -12,551 -15,788 -14,617 98,555 -12,658 -15,417 -13,961 124,127 -10,576 -13,984 
-
12,244 
 
4.3.1.1 LCA of Solar Water Heating System 
When compared to electric water heaters, solar water heating systems generally showed lower environmental impacts across all cases. In 
hot and moderate climates, the relative advantage of solar water heaters compared with electric heaters in terms of environmental impacts is 
greater as provided heating increased due to lower operational energy use (Figure 4.3). The results were consistent with Tsilingiridis et al. (2004), 
which compared life cycle environmental impacts of electric water heaters to domestic solar water heating systems equipped with an auxiliary 
electric heater. However, in the cold climate, the relative environmental benefits of solar water heaters became smaller when the provided heating 
is above 20% due to large solar panel requirements. For instance, for outdoor systems in the cold climate, the differences in the environmental 
impacts of the two heating systems were 424 at 20% heating and dropped to 32 when provided heating increased to 50%.  
In terms of the impact of climate, the normalized environmental impacts in colder climates were greater than the impacts in warmer 
climates. This can be explained by the lower efficiency of the solar thermal collector and the higher heat loss in the colder climates (Hang, 2012; 
Lee and Sharma, 2007). 
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When comparing indoor and outdoor aquaculture systems, the normalized environmental impacts 
associated with outdoor systems were lower than indoor systems in the hot climates. This is mainly 
attributed to credits from reduced heating demands by solar heat gains (Medved et al., 2003). However, 
outdoor systems showed higher environmental impacts than indoor systems in the moderate and cold 
climates because heat loss was greater than heat gain under such climate conditions. 
For the cold climate case, an 80% heating strategy showed the lowest environmental impacts 
while the impacts were the largest with a 20% heating strategy. This is because the ratio of the fish 
production rate per solar collector size (i.e., number of fish produced/m2) increased with provided heating 
(20%, 50%, and 80%), but declined after 80% heating (Ratio 1 in Table 4.5).  
Table 4.5 A ratio of increased fish production rate to required solar collector size (Ratio 1) and a 
ratio of increased fish revenue to initial cost between indoor and outdoor aquaculture systems in 
the moderate climate (Ratio 2) 
Type of ratios Settings Climate  
Heating strategy (%) 
20 50 80 100 
Ratio 1: 
Increased number of fish/m2 solar panel 
Outdoor 
H 1,167 511 325 260 
M 309 205 181 147 
L 4 49 70 58 
Indoor 
H 1,142 498 316 253 
M 309 205 181 147 
L 4 49 70 58 
Ratio 2: 
Increased revenues ($)/initial cost ($) 
Outdoor 
H 3 5 4 3.8 
M 2 5 7 6 
L 0.3 6 10 9.6 
Indoor 
H 3 5 4 3.8 
M 12 39 56 9 
L 0.3 6 11 9.7 
Note: H, M, and L indicate hot climate, moderate climate, and cold climate, respectively. 
 
On the other hand, in the hot and moderate climates, environmental impacts increased with higher 
heating strategy for both indoor and outdoor systems. This is because average monthly water 
temperatures in the hot and moderate climates, except during the winter season, were already favorable to 
the cultured fish; thereby fish production improvement via the solar heating systems was relatively less 
efficient (lower values of Ratio 1 in Table 4.5). When both geographical factors and the heating strategy 
were accounted for, a 20% heating strategy for the outdoor aquaculture system in the hot climate had the 
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lowest environmental impact, while the impact was the largest for a 20% heating strategy for the outdoor 
system in the cold climate.  
 
4.3.1.2 LCCA of Solar Water Heating System 
Depending on climate and operational conditions, the economic benefits of solar water heater 
compared with electric heaters varied due to the tradeoff between initial costs and the operational costs. 
For instance, in the hot climate, the use of electric heater resulted in lower LCCs than solar water heating 
systems at any heating strategy and setting (indoor or outdoor) due to its lower initial costs. For cold 
climate cases, the solar water heaters were more economically beneficial than electric heaters when the 
heating amount was greater than 20%, and the benefits increased with the increase of heating amount. 
This is because improvement in fish production at a 20% heating strategy by solar water heater was 
almost negligible (Ratio 1 in Table 4.5), and it required higher initial cost than electric heater, resulting in 
higher LCCs of solar water heater. However, when providing over 50% heating, the revenues greatly 
increased using solar water heaters (Ratio 1 in Table 4.5), making the use of solar water heaters more 
economically competitive than the use of electric heaters due to the high operational costs of electric 
heaters. In moderate climates, solar water heaters showed lower LCCs than electric heaters for any 
heating strategy for indoor systems but comparable LCCs to electric heaters between 50% and 100% 
heating for outdoor systems (Table 4.4). In this case, the required initial costs of solar water heaters were 
higher than electric heaters for both indoor and outdoor systems; however, operational costs of electric 
heaters used for indoor systems over 10 years were greater than initial costs of solar water heaters, 
resulting in the lower LCCs of solar water heaters. On the other hand, operational costs of electric heaters 
used for outdoor systems were comparable to initial costs of solar water heaters between 50% and 100% 
heating.  
In terms of the impact of climate, the use of solar water heaters showed lower LCCs under 
moderate and cold climates compared with hot climates except for 20% heating, mainly due to the greater 
improvement in fish production as compared with initial investment of solar water heaters under moderate 
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and cold climates (Ratio 2 in Table 4.5). When comparing indoor and outdoor systems, LCCs for indoor 
aquaculture were lower than those for outdoor aquaculture under the same climate and same heating 
amount. Especially, indoor systems in the moderate climate showed noticeably greater economic benefits 
than outdoor systems between 50% and 80% heating (Table 4.4). This is because the ratio of the annual 
fish revenue per initial cost was higher for the indoor system than the outdoor system under the moderate 
climate (Ratio 2 in Table 4.5). Generally, the LCCs decreased with the increase in heating and the 
optimum heating amount is 80% heating for the moderate and cold climates and 50% heating for the hot 
climate.  
In terms of the economic feasibility, solar water heating systems were economically favorable 
with any heating level (20-100%) in the hot and moderate climates, while for the cold climate the solar 
water heating systems were economically beneficial only when providing over 50% of the heating 
requirements (Table 4.4). In the previous LCC study of solar water heating systems used for residential 
buildings, the results in different climates were not significantly different due to the high initial costs 
(Hang et al., 2012). However, in this study, the LCCs of solar water heating systems were significantly 
different under different climates, because the contribution of annual revenue improvement or R to the 
LCC is relatively higher than the contribution of energy savings in the previous study (Hang et al., 2012). 
Considering both geographical factors and heating strategy, an 80% heating strategy for the indoor 
aquaculture system in the moderate climate showed the lowest LCC while the highest LCC was found for 
the outdoor aquaculture system with a 20% heating strategy in the cold climate.  
Overall, the use of solar water heaters showed relatively lower environmental impacts than 
electric heaters. However, the economic advantages of solar water heaters over the electric heaters were 
dependent upon specific setting, heating, and climate conditions. The benefits of the solar water heaters 
would become larger if a longer lifespan is considered. Rout et al. (2017) and Tsilingiridis et al. (2004) 
reported that environmental and economic benefits of solar water heating systems increased non-linearly 
with lifespan when compared to conventional energy sources. Also, the results showed that LCA and 
LCC of the solar water heating systems can be significantly affected by the factors of heating strategy, 
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settings (indoor or outdoor), and geographical characteristics. However, the 100% heating strategy may 
not be the most favorable because it would not be feasible to meet the total heat requirement with only 
solar water heating systems due to weather dependency. Accordingly, it is generally recommended to size 
the solar water heating system to provide a portion (> 50%) of the total heating demands while also 
relying on a backup heat source (Baird et al., 1994; Tsilingiridis et al., 2004a). 
 
4.3.2 Impact of Water Source and Design Factor 
The results presented in Section 4.3.1 were obtained using streamwater as a make-up water 
source and monthly optimal collector tilt angles. Figure 4.4 shows the results of comparative LCA and 
LCC considering the additional water sources and collector tilt angles for the best scenarios discussed in 
Section 4.3.1.1 (lowest environmental impact: the 20% heating strategy for outdoor aquaculture in hot 
climate; lowest LCC: the 80% heating strategy for indoor aquaculture in the moderate climate). The use 
of groundwater with monthly optimal collector tilt angle adjustment (G-O) showed improved 
environmental and economic performance for indoor aquaculture in the moderate climate with the 80% 
heating strategy (Figure 4.4-(a)). By controlling the collector tilt angle, the efficiency of the solar 
collectors was improved (from 2.5 to 3.1 MWh/m2) while the size of solar collectors required was greatly 
reduced (from 93 to 39 m2) (Table C.4 in Appendix C). Also, the use of groundwater in the moderate 
climate reduced the annual heating energy demands due to its higher water temperatures than the 
temperatures of streamwater during winter season (Figure C.2-(a) in Appendix C). On the other hand, for 
the hot climate with the 20% heating strategy, economic benefits declined when using the more efficient 
mode of solar thermal collectors and groundwater as a make-up water source (G-O) for outdoor 
aquaculture systems (Figure 4.4-(b)). In this case, the use of streamwater showed better efficiency values 
because this source’s temperature was more favorable for the cultured fish than groundwater temperatures 
during summer seasons, leading to reduction in annual heating demands (Figure C.4-(b) in Appendix C). 
In terms of environmental impacts, the use of groundwater is more efficient to reduce the impact than the 
mode of solar collectors.  
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   (a)    (b)  
 
Figure 4.4 Comparisons of environmental impacts per functional unit (FU) and life cycle costs 
(LCC) of solar water heating systems used (a) in the moderate climate with the 80% heating 
strategy and (b) in the hot climate with the 20% heating strategy (G-O: Groundwater with monthly 
optimal tilt angle adjustment, G-H: Groundwater with horizontally fixed solar collector, S-O: 
streamwater with monthly optimal tilt angle adjustment, and S-H: streamwater with horizontally 
fixed solar collector) (Note: Results of unweighted environmental impacts can be found in C.3 in 
Appendix C.) 
 
4.3.3 Sensitivity Analysis  
LCA and LCCA results of the 80% heating strategy for indoor aquaculture systems in the 
moderate climate were selected as a reference case for the sensitive analysis. Figure 4.5 shows calculated 
sensitivity indices for the environmental impact and LCC. The environmental impacts were most sensitive 
to the choice of species (SSI >1), followed by the collector efficiency and the number of initial fish stocks 
(Figure 4.5-(a)). The choice of species determines not only the fish survival rate which impacts the 
number of harvested fish, but also the heat requirement which is related to the size of the solar collector. 
The life cycle costs were most sensitive to the retail fish price, followed by the choice of species, the 
electricity cost, the cost of the solar system, the collector efficiency, and the number of initial fish stocks 
(Figure 4.5-(b)). The results in Section 4.3.1.1 showed that the amount of the improved annual revenues 
was a dominant contributor to LCC in the moderate climate. Retail fish price is directly responsible for 
annual incomes; therefore, the sensitivity to retail fish price was very high (SSI >1). The electricity cost is 
an input influencing operating costs for auxiliary electric boilers and pumps and presented a medium 
sensitivity. On the other hand, the number of initial fish stocks showed a negligible sensitivity (SSI = 0.01) 
because of the tradeoff between the economic benefit from harvesting a larger amount of fish and the cost 
associated with the larger solar water heating system and the auxiliary electric boiler. 
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(a)                                                                              (b) 
 
Figure 4.5 Calculated sensitivity indices for (a) life cycle environmental impacts and (b) life cycle 
costs 
 
4.4 Conclusions 
This study investigated the applicability of solar water heating systems for aquaculture, under 
different geographical conditions, water sources, heating demands, and solar system designs with the 
consideration of both environmental and economic impacts. Instead of energy savings, improved fish 
revenue with implementation of the solar water heating systems was considered as an economic benefit.  
It was found that the factors of heating strategies, settings (indoor or outdoor), and local 
geographical characteristics (climate) all played a pivotal role in determining the environmental and 
economic impacts of the solar water heating system. The factor of climate had a significant impact on the 
environmental and economic assessment results. In the cold climate, environmental impacts of the solar 
water heaters decreased as the heating increased from 20% to 80% due to the high efficiency in the fish 
production improvement (i.e., number of fish produced/m2), while the impacts increased with the 
increased heating in the hot and moderate climates. As a result, the lowest and highest environmental 
impacts occurred for the same heating (20%) and setting (outdoor) but different climate, hot and cold 
climate, respectively. From economic perspective, LCC results showed that the use of solar water heater 
was economically beneficial (negative LCCs) at any heating as well as under any setting and climate 
except for 20% heating under the cold climate due to the low fish revenue improvement compared to 
initial cost.  
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When compared to the conventional electric heater, the use of the solar water heater generally 
lowered environmental impacts. However, the solar water heaters were economically beneficial compared 
with the electric heaters only under specific conditions, including indoor systems in the moderate climate 
and the use of 50% to 100% heating strategies in the cold climate.  
The selection of make-up water sources and the modes of solar collector could further contribute 
to mitigating environmental and economic impacts. In particular, by switching from streamwater to 
groundwater for the make-up water, a significant economic improvement was achieved for indoor 
systems with the 80% heating strategy in the moderate climate. The sensitivity analysis showed that the 
environmental impacts were most sensitive to the thermal preferendum of the cultured species, while life 
cycle costs were most sensitive to the inputs associated with the retail fish price and the choice of species. 
It should be noted that the LCA and LCCA results in this study were specific to the selected fish species 
(i.e., Nile tilapia) because the annual fish revenues and heating demands were estimated using the survival 
rate model developed for Nile tilapia. This study can be further expanded by incorporating survival rate 
models for other aquatic species or categorized species based on their thermal preferendum to find the 
optimal operational strategies and design factors for implementation of solar water heating systems for 
aquaculture.  
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CHAPTER 5: INVESTIGATION OF SUSTAINABILITY OF RENEWABLE AND 
CONVENTIONAL ENERGY SYSTEMS FOR U.S. AQUACULTURE (TASK 4) 
5.1 Introduction 
With the rapid growth and development of aquaculture, the global aquaculture output in 2015 has 
more than quadrupled since 1985, reaching 106 million tonnes with an estimated value of US$ 163 billion 
(FAO, 2017a). Over the past five decades, the growth in the global supply of fish for human consumption 
has exceeded the rate of population growth, with an average growth of 3.2% per annum in the period 
1961 to 2013 (FAO, 2016a). In 2010, fish supplies about 17% of the world population’s intake of animal 
protein and 7% of all protein consumed (FAO, 2014). Due to the relatively static production from capture 
fishery since the last 1980s, aquaculture has taken a significant share of fish supply for human 
consumption, with a 39% of the total fish production in 2004 (FAO, 2016a). Accordingly, the role of 
aquaculture for global food security would be more significant, so that the planning of global aquaculture 
for sustainable development is increasingly important (FAO, 2010). 
Meanwhile, the rapid expansion of global aquaculture has been achieved at the expense of the 
environment and natural resources, and the vulnerability of aquaculture industry due to the consequences 
of global environmental changes (e.g., climate change) has been addressed in various studies (FAO, 2015; 
FAO, 2016b). FAO (2017b) reported that the production of 1 kg live weight fish produces 1.37 to 1.84 kg 
CO2eq, depending on location, culture method, culture technology, and cultured species. On-farm energy 
use can be directly associated with the greenhouse gas emissions, which are primarily used for pumping 
and heating. Especially, on-farm energy use in aquaculture has dramatically increased as land-based 
recirculating systems (e.g., aquaponics, integrated multi-trophic aquaculture, and recirculating systems) 
has received growing interest from researchers and entrepreneurs globally as a sustainable aquaculture 
system (FAO, 2017c). These types of systems can minimize the need for inputs (e.g., water and fertilizer)
112 
 
 as well as the outputs of waste. However, they required higher energy inputs than other types of 
aquaculture systems (e.g., cage and pond) (Aubin et al., 2009; Bostock et al., 2010; Sun, 2009). Among 
various energy sources, grid electricity and diesel are major sources in aquaculture, and other alternative 
energy sources can be natural gas, propane, and renewables, which are typically considered cleaner 
energy sources than grid electricity and diesel (FAO, 2017b; Henriksson et al., 2012; Kim et al., 2015; 
Pelletier and Tyedmers, 2010;). From an energy perspective, the diversification of energy sources could 
reduce the environmental impacts from aquaculture industry. Also, energy price is an important factor 
that can affect aquaculture industry. Over the last decade, global energy prices have risen dramatically, 
and they are expected to continuously increase (Hines and Balistreri, 2017). Higher energy prices will 
make fish production systems more expensive, affecting the cost of inputs, thereby vulnerability of 
aquaculture industry (Pelletier et al., 2014).  
Over the past five years, U.S. aquaculture has ranked in the top 17 of aquaculture producers with 
a significant increase in the number of land-based recirculating systems and integrated multi-trophic 
aquaculture systems, which require high energy inputs (FAO, 2017c). Considering the important role in 
the fish supply and the increasing trend of energy intensive systems, proper planning of U.S. aquaculture 
would be needed to ensure the long-term environmental and economic sustainability and its ultimate 
contribution to global food security. One solution can be the use of renewable energy sources (Menicou 
and Vassiliou, 2010); however, the environmental and economic sustainability of renewable energy 
systems could vary depending not only on geographical conditions and incentive availability (Hang et al., 
2012), but also local energy prices and availability of conventional energy sources to be compared 
(Tsilingiridis et al., 2004). To date, there is limited information on the sustainability performance of 
hybrid renewable systems (i.e., the combination of renewable and conventional energy systems and their 
composition) (Balke et al., 2016; Tsilingiridis et al., 2004). Therefore, a proper energy supply planning 
with single sourced and/or hybrid energy systems that are cost effective with low environmental impacts 
would be important to achieve sustainable development of aquaculture.  
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In this chapter, the potential improvement of the sustainability in U.S aquaculture was 
investigated by assessing environmental and economic impacts of aquaculture with various alternative 
energy systems. The most sustainable energy supply strategy for U.S. aquaculture is discussed based on 
both industry’s and regulators’ perspectives, with consideration of local geographical conditions, energy 
prices, and incentive availabilities for renewables. Also, strategies for renewable energy systems to be 
more competitive to conventional energy systems were investigated, including efficiency improvements, 
incentives, and percentages of renewable energy in hybrid systems. The results could provide insights for 
developing aquaculture in a sustainable manner by state-wide planners, policy-makers, and fish farmers. 
 
5.2 Methodology 
5.2.1 Aquaculture and Energy Use in the United States 
 Information on representative aquaculture farms by U.S. states was obtained from the National 
Aquaculture Sector Overview (NASO) map, including culture species, culture system intensity (i.e., 
intensive, extensive, or semi-intensive), culture technology, and annual fish production (NASO, 2012). 
Out of 50 states, 39 were considered in this study due to data availability (Table 5.1). The representative 
climate conditions by state were determined based on the Köppen-Geiger climate classification map 
(Kottek et al., 2006).  
Table 5.1 U.S. states and climates considered in this study 
Climates States 
Temperate 
Alabama (AL), Arkansas (AR), California (CA), Georgia 
(GA), Indiana (IN), Kansas (KS), Kentucky (KY), 
Louisiana (LA), Massachusetts (MA), Maryland (MD), 
Missouri (MO), Mississippi (MS), North Carolina (NC), 
New Jersey (NJ), Oklahoma (OK), Oregon (OR), 
Pennsylvania (PA), Rhode Island (RI), South Carolina 
(SC), Tennessee (TN), Texas (TX), Virginia (VA), and 
West Virginia (WV) 
Arid 
Idaho (ID), Nebraska (NV), Utah (UT), and Washington 
(WA) 
Equatorial Florida (FL) and Hawaii (HI) 
Snow 
Alaska (AK), Colorado (CO), Connecticut (CT), Illinois 
(IL), Maine (ME), Michigan (MI), Minnesota (MN), New 
York (NY), Ohio (OH), and Wisconsin (WI) 
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With the collected data, energy needs of representative fish farms by state were estimated using 
the FEAST (i.e., Food-Energy-Aquaculture-Sustainability Tool) (developed in Chapter 3). The FEAST 
provides an expected energy intensity of the fish farm in MJ per kg fish produced, based on cultured 
species, culture system intensity, culture technology (i.e., land-based, pond, or marine-based), and 
climatic conditions. Total annual energy demands of fish farms in each state were calculated by 
multiplying the annual fish production from the state and the estimated energy intensity.  
 
5.2.2 Life Cycle Assessments of Energy Systems 
For energy systems, electricity and heat energy can be supplied using different energy sources, 
either renewable or non-renewable sources. In this study, options for electricity generation systems 
include a solar photovoltaic (PV) system, a natural gas generator, a propane generator, a diesel generator, 
and the use of grid electricity, while heating systems include a Solar Hot Water (SHW) heater, a natural 
gas boiler, a propane boiler, a diesel boiler, an anaerobic digestion system to produce biogas with fish 
wastes (as a backup), and an electric boiler.  
In this study, the anaerobic digestion system was not used as a main heating system because of 
the limited biogas production. Biogas production was estimated based on the amount of fish waste, which 
is proportional to a fish farm size. Due to a lack of enough fish waste, the system was used as a backup 
system (with a biogas boiler) by integrating with a SHW system or conventional heating systems. The use 
of electricity (i.e., local grid electricity and electric boiler) was considered as a baseline for comparing 
other alternative energy systems. 
The functional unit is chosen as 1,000 kg fish production over 25 years. System boundary 
includes material extraction, manufacturing, operation, and transportation associated with the alternative 
energy systems. For transportation, a delivery distance of 10 km by diesel-powered truck was assumed. It 
was assumed that all other components of the entire aquaculture systems are the same. 
Life Cycle environmental impact Assessment (LCA) and Life Cycle Cost Analysis (LCCA) with 
the various electricity generation and heating systems were conducted using the FEAST. In this study, the 
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environmental performances of the alternatives were investigated based on the results of single scores. 
Life cycle costs of the alternative energy systems were assessed using a present value method, 
considering initial cost, operation and maintenance cost, salvage value, replacement cost, and incentives.  
 
5.2.3 Sustainability Index 
The relative sustainability performance among the alternatives was determined using the 
Sustainability Index (SI). (Eq. 3.10 in Chapter 3). Two weighting schemes were obtained representing 
aquaculture industry and regulators (Whitmarsh and Palmieri, 2009). The weighting scheme by industry 
gave a relatively higher priority to the economics (0.766) than the environmental impacts (0.234). On the 
other hand, regulators gave a similar weight to the economics (0.563) as to the environmental impacts 
(0.437). In this study, the relative sustainability performances of energy systems were determined based 
on the industry’s weighting scheme and the results were compared with the sustainability performances of 
alternatives estimated with the regulators’ weighting scheme.  
 
5.3 Results and Discussion 
5.3.1 U.S. Aquaculture Production and Energy Intensity  
Figure 5.1-(a) shows average annual aquaculture production per fish farm, which was calculated 
by dividing total fish production of the state by the number of fish farms. Among the top five fish 
production states, MS has the largest annual aquaculture production per fish farm (71,089 metric 
tons/yr/farm), followed by AR (47,334 metric tons/yr/farm), AK (32,327 metric tons/yr/farm), LA 
(25,673 metric tons/yr/farm), and ID (20,242 metric tons/yr/farm). On the other hand, KS has the lowest 
annual aquaculture production per fish farm (6 metric tons/yr/farm). Figure 5.1-(b) shows the distribution 
of fish farms classified by size (i.e., average annual fish production). Eight states have large size fish 
farms (> 5,000 metric tons/yr/farm), including AK, AR, CT, ID, LA, MS, VA, and WA. Twelve states 
have medium size fish farms (400 to 5,000 metric tons/yr/farm), including CA, FL, GA, MA, ME, MO, 
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NC, NJ, OR, PA, SC, and TX. More details on the U.S. aquaculture production can be found in Table D.1 
in Appendix D.  
 
                  (a) 
 
                  (b) 
 
Figure 5.1 U.S. aquaculture by (a) average fish production per fish farm and (b) classified size as 
large (>5,000 tonnes/yr/farm), medium (400 ~ 5,000 tonnes/yr/farm), and small (<400 
tonnes/yr/farm) (Note: States colored in gray are not considered in this study due to the lack of 
information.) 
 
Figure 5.2 presents the estimated energy intensities of fish farms by U.S. states. The average 
energy intensity of U.S. aquaculture was 0.03 TJ/tonne. Fish farms in CO, ID, and UT showed the highest 
energy intensity (about 0.076 TJ/tonne) because they produce high trophic level species as major 
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aquaculture products (i.e., catfish in CO and UT, and sturgeon in ID) using intensive pond systems under 
cold climate conditions. On the other hand, fish farms in CT, MA, MD, ME, RI, and VA had the lowest 
energy intensity (about 0.009 TJ/tonne) because they produce low trophic level species as major 
aquaculture product (i.e., oyster) using extensive or semi-intensive marine-based culture systems under 
warm climate conditions. More details on the relationships between energy intensity and aquaculture 
factors (i.e., culture species, system intensity, culture technology, and climate) were discussed in Chapter 
2. 
 
 
Figure 5.2 Estimated average energy intensity used by fish farms in the U.S. (Note: Regions in gray 
indicate states not considered in this study.) 
 
5.3.2 Relative Local Energy Prices and Incentives for Renewables in the U.S. 
Figure 5.3 shows relative local conventional energy prices, which were calculated based on the 
database in the FEAST. It should be noted that the local energy prices in the FEAST were obtained from 
U.S. EIA as of May in 2017. Figure 5.3-(a) shows the relative price to produce 1 kWh of electricity using 
natural gas compared to 1 kWh local electricity price (i.e., ($natural gas/kWh)/($electricity/kWh)). Figure 5.3-(b) 
and Figure 5.3-(c) present the relative local propane and diesel prices, respectively. The relative local 
energy prices can affect economic benefits when existing electricity systems are replaced with alternative 
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energy sources. For instance, a high relative local natural gas price indicates low economic benefits when 
an existing electricity system (e.g., an electric heater) is replaced with a natural gas system. 
 
(a)                                                                                (b) 
 
                                          (c)  
 
Figure 5.3 Local conventional energy prices relative to local electricity cost per 1 kWh generation 
(Note: States colored in gray were not considered in this study.) 
 
In terms of natural gas, WA had the highest relative local price (1.33 $natural gas/$electricity), followed 
by OK (1.17 $natural gas/$electricity), PA (1.08 $natural gas/$electricity), NY (0.93 $natural gas/$electricity), and AR (0.89 
$natural gas/$electricity). For propane, WA showed the highest relative local price (1.35 $propane/$electricity), 
followed by KY (1.23 $propane/$electricity), LA (1.12 $propane/$electricity), AR (1.108 $propane/$electricity), and TX 
(1.106 $propane/$electricity). For diesel, WA again had the highest relative local price (3.87 $diesel/$electricity), 
followed by OK (2.98 $diesel/$electricity), OR (2.95 $diesel/$electricity), KY (2.89 $diesel/$electricity), and LA (2.85 
$diesel/$electricity). As a result, alternative systems with natural gas, propane, or diesel would have low 
119 
 
economic benefits in the states of WA, OK, NY and LA. On the other hand, AK and CT showed low 
relative local energy prices for all conventional energy sources. In AK, relative energy prices are 0.33 
$natural gas/$electricity, 0.37 $propane/$electricity, and 1.06 $diesel/$electricity, respectively, and relative energy prices in 
CT are 0.40 $natural gas/$electricity, 0.51 $propane/$electricity, and 1.24 $diesel/$electricity, respectively. The lowest 
relative local natural gas price was found in WV (0.24 $natural gas/$electricity), while the lowest relative local 
propane (0.28 $propane/$electricity) and diesel (0.80 $diesel/$electricity) prices were found in HI.  
A total of 18 states provide incentives for solar PV systems. Among them, AL, GA, KY, MS, TN, 
and VA have both Performance-Based Incentive (PBI) and rebate programs. States of AK, CA, FL, HI, 
MN, NM, NC, and OR have only PBI programs. For the PBI, AK has the highest incentive ($1.5/kWh), 
followed by CA ($0.38/kWh), HI ($0.22/kWh), MN ($0.13/kWh), and FL ($0.05/kWh). The lowest PBI 
was found in NM ($0.0025/kWh). The rebate was the same among the five states (i.e., AL, GA, KY, MS, 
TN, and VA) as $1,000 per unit. For SHW systems, only FL provides both PBI ($0.03/kWh) and rebate 
($1,000/unit) programs. HI and NM have only PBI programs for SHW systems, which are $0.27/kWh and 
$0.0025/kWh, respectively. MN provides a rebate program depending on the installed size of the solar 
thermal collector ($15 per ft2 net aperture). For anaerobic digestion, MN and RI have PBI programs 
($0.015/kWh and $0.2/kWh, respectively), while NJ provides a rebate as a 30% of its initial cost. The 
information on specific incentive programs for agriculture can be found in Table B.11 in Appendix B, and 
up-to-date state-level incentive information for renewables are available from the Database of State 
Incentives for Renewables and Efficiency (DSIRE).  
The results indicated that there are more incentives available for solar PV systems than SHW and 
anaerobic digestion systems. Rebates are provided based on the number of installed units (i.e., $1,000 per 
unit), except for anaerobic digestion in NJ, which provides a 30% rebate of its initial cost. 
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5.3.3 Sustainability of Energy Systems for U.S. Aquaculture 
5.3.3.1 Sustainability of Electricity and Heat Systems 
Figure 5.4 shows the most and least sustainable energy options for electricity and heat systems 
based on the industry’s weighting scheme. The estimated environmental impacts and costs among 
alternatives for all U.S. states can be found in Tables D.2-3 in Appendix D. 
 
  (a)                                                                                (b) 
 
 (c)                                                                                (d) 
 
Figure 5.4 The most and least sustainable energy options for (a and b) electricity generation and (c 
and d) heat generation from industry’s perspective (PV-T: solar photovoltaics with thin-film panels, 
NG: natural gas generator, PG: propane generator, DG: diesel generator, NB: natural gas boiler, 
SHW: solar hot water, DB: diesel boiler, and AD: anaerobic digestion) 
 
For electricity systems, the use of natural gas generators showed the lowest environmental 
impacts across the U.S., due to low environmental impacts related to the production and use of natural gas. 
On the other hand, the economic benefits of alternative energy systems varied depending on incentive 
availability and local energy prices. As a result, the sustainability index for different energy systems was 
different across the states. For instance, compared to a solar PV system in Virginia, the environmental 
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impact single score of a natural gas generator was lower (Figure D.1 in Appendix D). However, economic 
benefits with solar PV systems were higher than the use of natural gas generators (Figure D.2 in 
Appendix D), resulting in higher SIs with solar PV systems in Virginia. Among the solar PV systems, the 
use of solar PV-T systems was the most economical option in all states, due to its relatively low initial 
costs (1.26 $/Wdc for solar PV-T, 2.80 $/Wdc for solar PV-M, and 1.68 $/Wdc for solar PV-P). Thus, the 
use of solar PV-T systems showed the highest SIs in most states (Figure 5.4-(a)), except for KS and WV. 
On the other hand, the use of diesel generators was the least sustainable options in most states, due to high 
environmental impacts and low economic benefits.  
Tables D.4-5 in Appendix D show the rankings of sustainability for electricity generation options 
and heating options, respectively. The solar PV systems were the most sustainable electricity options in 
most U.S. states. However, in some states (14 out of 39) where there are no incentives available for solar 
PV systems and/or low relative local natural gas prices, the use of natural gas system showed a higher SI 
than a solar PV system. In CO, MD, OR, SC, TN, ME, MI, NY, and UT, the use of natural gas generators 
had higher SIs than a solar PV-M system, while the natural gas generators showed higher SIs than both 
solar PV-P and PV-M systems in IN, KS, WV, OH, and NE. Especially, the natural gas generators 
showed higher SIs than all types of solar PV systems in KS and WV due to low local relative natural gas 
prices (0.49 $natural gas/$electricity in KS and 0.24 $natural gas/$electricity in WV) and the lowest environmental 
impacts of natural gas among alternatives. Additionally, no incentives were available for solar PV 
systems in these regions (Figure 5.4-(b)).  
For heating systems, the use of natural gas boilers generally showed the lowest single scores 
(environmental impacts) and the highest economic benefits among alternatives (Table D.5 and Figures 
D.3-4 in Appendix D). Tsilingiridis et al. 2004 also reported the use of a natural gas boiler as a substitute 
system of an electric heater showed less environmental impacts than the use of a SHW system. Thus, the 
natural gas boilers were the most sustainable options in most states, as shown in Figure 5.4-(c). In FL and 
HI, however, the use of SHW systems showed the highest SIs due to their low environmental impacts and 
high economic benefits from incentives available in these two states. Contrary to FL and HI, the use of 
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SHW systems in AK resulted in the lowest SI among alternatives due to unfavorable geographical 
conditions (e.g., low annual solar insolation and cold temperature) (Figure 5.4-(d)). Among the 
alternatives, the use of diesel boilers was the least sustainable options in most states due to the high 
environmental impacts and low economic benefits. For the rankings of sustainability among heating 
options, the use of natural gas boilers had a higher SI than a SHW system in AL, AR, CO, GA, ID, IL, 
KY, LA, ME, MO, MS, NC, NJ, NY, OK, OR, PA, SC, UT, TX, VA, WA, and WV, while both natural 
gas boilers and propane boilers showed a higher SI than a SHW system in CA, CT, IN, KS, MA, MD, MI, 
MN, NE, OH, RI, TN, and WI (Table D.5 in Appendix D). All three conventional heating sources (i.e., 
natural gas, propane, and diesel) had higher SI values than a SHW system in AK.  
The integration of anaerobic digestion as a backup with other heating systems resulted in a lower 
SI than that of a heating system without anaerobic digestion (Table D.5 in Appendix D). However, in 
some states, the use of diesel boilers with anaerobic digestion showed a higher SI than the use of a diesel 
boiler as a single unit. These states include AL, AR, CA, CT, FL, GA, HI, ID, LA, MA, ME, MO, MS, 
NC, NJ, OR, PA, SC, TX, VA and WA, which are classified as medium or large scale fish farms (> 5,000 
metric tons/yr/farm) in Figure 5.1. In MA, the use of natural gas boiler with anaerobic digestion showed 
the highest SI value among alternatives (Table D.5 in Appendix D). This may be due to higher economic 
benefits with a large volume of biogas generation with available fish wastes, considering the trade-off 
between the initial costs of the anaerobic digestion systems and the amounts of economic benefits from 
energy savings through biogas generation. One exceptional case was found in RI, which has small scale 
fish farms (< 400 metric tons/yr/farm). In RI, the use of natural gas boiler with anaerobic digestion 
showed the higher SI than a single natural gas boiler as well as other alternatives. This is because the 
incentive for anaerobic digestion in RI (PBI: $0.2/kWh) helped increase the economic benefits of the 
hybrid system (i.e., a combination of a natural gas boiler and an anaerobic digestion system). However, 
the current incentives for anaerobic digestion in MN (PBI: $0.02/kWh) and NJ (Rebate: a 30% of initial 
cost) were found not sufficient to improve the economic viability of anaerobic digestion.  
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5.3.2.2 Sustainability of Energy Systems from Different Perspectives 
 Figure 5.5 shows the most and least sustainable energy systems with the regulators’ weighting 
scheme. By giving a higher weight to the environment compared with the industry’s weighting scheme, 
the use of natural gas for electricity generation was more sustainable than the use of solar PV systems in 
more states in the U.S. (AK, IN, KS, NE, OH, and WV in Figure 5.5-(a)), compared to the results from 
the industry’s perspective (KS and WV in Figure 5.4-(a)). On the other hand, the use of diesel generators 
was the least sustainable options in more states in the U.S due to its high environmental impacts (Figure 
5.5-(b)). 
 
(a)                                                                                (b) 
 
 (c)                                                                                (d) 
 
Figure 5.5 The most and least sustainable energy options for (a and b) electricity generation and (c 
and d) heat generation from regulator’s perspectives (PV-T: solar photovoltaics with thin-film 
panels, NG: natural gas generator, PG: propane generator, DG: diesel generator, NB: natural gas 
boiler, SHW: solar hot water, DB: diesel boiler, and AD: anaerobic digestion) 
 
For heating systems, due to the environmental benefits from the use of anaerobic digestion 
systems, the use of natural gas boilers with an anaerobic digestion was the most sustainable in more states 
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in the U.S., including AL, AR, MA, MS, and RI (Figure 5.5-(c)), while the use of SHW systems was still 
the most sustainable options in FL and HI. For the same reason, the use of diesel boilers was the least 
sustainable options in more states in the U.S (Figure 5.5-(d)). It was also found that the application of 
anaerobic digestion with other heating systems can be more helpful to increase the sustainability of 
heating systems from regulators’ perspectives.  
 
5.3.2.3 Potential Improvement of Sustainability of Solar Systems for Aquaculture 
As discussed in Section 5.3.1.1, solar PV systems (PV-M and/or PV-P) showed lower SI values 
than those of electricity systems with conventional energy sources in CO, IN, KS, MD, ME, MI, NE, NY, 
OH, OR, SC, TN, UT, and WV. Among these states, OR, SC, and ME had low global solar insolation 
(i.e., the direct, diffuse, and reflected radiations) and/or low local electricity prices, which were 
unfavorable conditions for the use of solar PV systems. Accordingly, relatively larger sizes of solar PV 
systems were needed with low economic benefits in the regions. Also, SHW systems showed lower SIs 
than other conventional heating sources in most states, where there is no available incentive for SHW 
systems. Therefore, for these regions, technological improvements (e.g., a higher energy conversion 
efficiency), and/or financial support would be needed to improve the sustainability of solar systems. 
Tables 5.2 and 5.3 show the states where solar systems have lower SI values than other conventional 
energy sources, and the required system efficiency improvements and the minimum incentives as a PBI to 
make solar systems competitive to conventional energy sources. Since the use of solar PV-M showed the 
lowest SIs among solar PV systems as discussed in Section 5.3.1.1, the required efficiency improvements 
for solar PV systems were calculated based on the typical efficiency of the solar PV-M system (i.e., 18%). 
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Table 5.2 States where solar PV systems have a lower SI than conventional energy systems, and the 
required PV efficiency improvements and minimum incentives  
States 
Fish farm 
size 
Incentive Climate 
Global solar 
insolation 
(kWh/m2/day) 
Electricity 
cost 
(cents/kWh) 
Relative 
natural gas 
price 
($/$electricity) 
+% PV 
efficiency 
needed 
Minimum 
incentive 
needed 
($/kWh) 
CO Small N/A 
T 
4.7 7.15 0.65 0.5 0.0014 
IN Small N/A 4.2 7.42 0.69 10 0.02 
KS Small N/A 4.8 7.77 0.49 11 0.021 
MD Small N/A 4.1 8.44 0.84 4 0.01 
OR Medium 
PBI 
($0.005/kWh) 
3.7 6.05 0.73 6 0.014 
SC Medium N/A 4.5 5.98 0.65 6 0.014 
TN Small 
PBI 
($0.02/kWh) 
4.5 5.74 0.71 12 0.023 
WV Small N/A 4.0 6.72 0.24 12 0.021 
ME Medium N/A 
S 
3.4 9.19 0.59 1.8 0.006 
MI Small N/A 3.6 7.47 0.24 8 0.017 
NY Small N/A 3.2 6.23 0.93 3 0.0069 
OH Small N/A 3.8 6.67 0.63 11 0.021 
NE Small N/A 
A 
5.6 5.18 0.49 10 0.021 
UT Small N/A 4.7 6.51 0.65 5 0.012 
Note: An efficiency of 18% was assumed for solar PV-M systems as a typical efficiency, N/A indicates not available, PBI is 
performance-based incentive, T is temperate, S is snow and A is arid. 
 
Table 5.3 States where solar hot water systems have a lower SI than conventional energy systems, 
and the required SHW efficiency improvements and minimum incentives 
States 
Fish 
farm 
size 
Incentive Climate 
Global solar 
insolation 
(kWh/m2/day) 
Relative local 
energy price 
($/$electricity) 
An annual average 
efficiency of 
installed SHW 
system (%) 
+% SHW 
efficiency 
needed 
Minimum 
incentive 
needed 
($/kWh) 
AL Large N/A 
T 
4.61 Natural gas: 0.59 74 N/P 0.001 
AR Large  N/A 4.58 Natural gas: 0.89 74 9 0.0003 
CA Medium N/A 4.85 
Natural gas: 0.48 
Propane: 0.52 
74 N/P 0.002 
GA Medium N/A 4.45 Natural gas: 0.69 73 N/P 0.0009 
IN Small N/A 4.22 
Natural gas: 0.69 
Propane: 0.92 
75 N/P 0.0062 
KS Small N/A 4.75 
Natural gas: 0.49 
Propane: 0.71 
74 N/P 0.0061 
KY Small N/A 4.08 Natural gas: 0.67 73 N/P 0.0015 
LA Large N/A 4.40 Natural gas: 0.73 79 N/P 0.0006 
MA Medium N/A 3.64 
Natural gas: 0.55 
Propane: 0.52 
74 N/P 0.0016 
MD Small N/A 4.12 
Natural gas: 0.84 
Propane: 0.86 
75 N/P 0.0052 
MO Medium N/A 4.21 Natural gas: 0.71 74 N/P 0.0009 
MS Large N/A 4.64 Natural gas: 0.70 75 22 0.0006 
NC Medium N/A 4.47 Natural gas: 0.87 74 15 0.0005 
NJ Medium N/A 3.93 
Natural gas: 0.62 
Propane: 0.74 
74 N/P 0.0015 
OK Small N/A 4.71 
Natural gas: 1.17 
Propane: 1.04 
74 N/P 0.0008 
OR Medium N/A 3.70 
Natural gas: 0.73 
Propane: 1.03 
76 N/P 0.0019 
PA Medium N/A 3.61 Natural gas: 1.08 77 4 0.0001 
RI Small N/A 3.81 
Natural gas: 0.50 
Propane: 0.48 
77 N/P 0.0033 
SC Medium N/A 4.47 Natural gas: 0.65 73 N/P 0.0013 
TN Small N/A 4.49 
Natural gas: 0.71 
Propane: 1.04 
74 N/P 0.0023 
TX Medium N/A 4.66 Natural gas: 0.49 74 N/P 0.0010 
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Table 5.3 (Continued) 
States 
Fish 
farm 
size 
Incentive Climate 
Global solar 
insolation 
(kWh/m2/day) 
Relative local 
energy price 
($/$electricity) 
An annual average 
efficiency of 
installed SHW 
system (%) 
+% SHW 
efficiency 
needed 
Minimum 
incentive 
needed 
($/kWh) 
VA Large N/A 
T 
4.22 Natural gas: 0.60 75 N/P 0.0012 
WV Small N/A 4.03 
Natural gas: 0.24 
Propane: 0.91 
75 N/P 0.0032 
AK Small N/A 
S 
2.92 
Natural gas: 0.33 
Propane: 0.37 
Diesel: 1.06 
72 N/P 0.0380 
CO Small N/A 4.65 
Natural gas: 0.65 
Propane: 0.86 
73 N/P 0.0017 
CT Large N/A 3.70 
Natural gas: 0.40 
Propane: 0.51 
75 N/P 0.0024 
IL Small N/A 4.16 
Natural gas: 0.85 
Propane: 0.90 
73 N/P 0.0010 
ME Medium N/A 3.43 
Natural gas: 0.59 
Propane: 0.74 
73 N/P 0.0020 
MI Small N/A 3.60 
Natural gas: 0.71 
Propane: 0.82 
79 N/P 0.0021 
MN Small N/A 3.57 
Natural gas: 0.44 
Propane: 0.75 
75 N/P 0.0058 
NY Small N/A 3.23 Natural gas: 0.93 73 N/P 0.0015 
OH Small N/A 3.77 
Natural gas: 0.63 
Propane: 0.97 
74 N/P 0.0025 
WI Small N/A 3.61 
Natural gas: 0.50 
Propane: 0.77 
74 N/P 0.0026 
        
        
ID Large N/A 
A 
4.65 Natural gas: 0.56 74 N/P 0.0019 
NE Small N/A 5.57 
Natural gas: 0.49 
Propane: 0.78 
75 N/P 0.0028 
UT Small N/A 4.74 
Natural gas: 0.65 
Propane: 0.95 
77 N/P 0.0019 
WA Large N/A 4.05 Natural gas: 0.24 74 19 0.0008 
Note: N/A is not available, N/P is not possible, T is temperate, S is snow, and A is arid. 
 
For electricity generation systems, with the high global solar insolation (4.7 kWh/m2/day) and the 
high local electricity price (7.15 cents/kWh) in CO in a temperate climate, the required efficiency 
improvement and the incentive for solar PV systems were the lowest, which were +0.5% and 
$0.0014/kWh, respectively. On the other hand, the highest requirements of the efficiency improvement 
and incentives were found in WV (+12.2%) and TN ($0.023/kWh) in a temperate climate, mainly due to 
the lowest local natural gas price (0.24 $natural gas/$electricity) in WV and the lowest local electricity price 
(5.74 cents/kWh) in TN, respectively. The efficiency improvement and minimum incentive requirements 
in ME and NY with low global solar insolation in a snow climate, are comparable to those in MD in a 
temperate climate, due to the high local electricity price in ME (9.19 cents/kWh) and the high relative 
local natural gas price in NY (0.93 $natural gas/$electricity). The average requirements for the efficiency 
improvement and incentive for solar PV systems by climate regions were +8.2% and $0.016/kWh for 
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temperate climate regions, +7.5% and $0.013/kWh for snow climate regions, and +7.7% and $0.017/kWh 
for arid climate regions, respectively, with an average +7.2% and $0.015/kWh across the U.S.  
For heating systems, due to the high efficiency of current SHW systems (> 70% of annual 
average efficiency), a technical improvement was not realistic (Table 5.3), compared to the benefits of 
financial support for SHW systems. The first and second lowest incentive requirements for a SHW system 
were found in PA ($0.0001/kWh) and AR ($0.0003/kWh) in a temperate climate, due to the high relative 
local natural gas prices in these regions (1.08 $natural gas/$electricity in PA and 0.89 $natural gas/$electricity in AR). On 
the other hand, the highest incentive requirement was found in AK ($0.038/kWh) in a snow climate. Due 
to the combination of the lowest global solar insolation (2.92 kWh/m2/day) and the low relative local 
energy prices (0.33 $natural gas/$electricity and 0.37 $propane/$electricity) in AK, the minimum incentive needed for a 
SHW system to be the most sustainable heating option was the highest. The average requirements for 
incentive for SHW systems by climate regions were $0.002/kWh for temperate climate regions, 
$0.06/kWh (excluding AK, $0.02/kWh) for snow climate regions, and $0.002/kWh for arid climate 
regions, respectively, with an average $0.003/kWh across the U.S.  
The results showed that the consideration of local geographical and weather characteristics (e.g., 
global solar insolation) and local energy costs was important to determine the required efficiency 
improvement and minimum incentives for solar systems to be the most sustainable energy options. Unlike 
SHW systems, solar PV systems showed better sustainability (mainly due to economic benefits) when a 
larger size of solar PV system is implemented for aquaculture systems (Table 5.2). Compared to the U.S. 
average minimum incentive requirement for solar PV systems ($0.015/kWh), the average minimum 
incentive for SHW systems was much lower ($0.003/kWh).  
 
5.3.4 Sustainability of Combined Energy Systems with Renewable and Conventional Energy 
Sources  
When compared with a single solar system (i.e., solar PV and SHW), the hybrid solar PV and 
conventional energy systems showed lower SIs than a single solar PV system, while the hybrid SHW 
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systems were more sustainable when they were coupled with a natural gas boiler and/or a propane boiler 
(Tables D.6-9 in Appendix D). On the other hand, the preference of the hybrid systems (solar and 
conventional) over conventional energy systems depends on the energy mix of the hybrid systems (i.e., 
percentage of solar and percentage of conventional energy sources). More details on the calculated SI 
values of the different hybrid solar and conventional energy systems can be found in Tables D.6-9 in 
Appendix D.  
Table 5.4 shows the thresholds (i.e., minimum percentages) of solar PV systems and the 
maximum limits of SHW systems in the hybrid systems (i.e., a combination of solar systems and 
conventional energy systems), which resulted in higher SI values than a combination of conventional 
energy sources. For solar PV systems, due to lower environmental impacts and higher economic benefits 
from electricity generation using natural gas, the use of a solar PV system with a natural gas generator 
(PV-T+NG) showed higher SI values than a combination of conventional energy sources in most states 
(Table 5.4). In KS and WV, both hybrid solar PV and diesel generator (PV-T+DG) systems and propane 
generator (PV-T+PG) systems did not show higher SIs than a combination of conventional energy 
sources, mainly due to low local natural gas prices (0.49 $natural gas/$electricity in KS and 0.24 $natural gas/$electricity 
in WV) and relatively higher local propane and diesel prices (0.71 $propane/$electricity and 2.05 $diesel/$electricity 
in KS and 0.91 $propane/$electricity and 2.34 $diesel/$electricity in WV). The thresholds of solar PV systems were 
13% for solar PV-T+NG systems, 57% for solar PV-T+DG systems, and 45% for solar PV-T+PG 
systems, respectively.    
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Table 5.4 The minimum and maximum supporting percentages from solar systems when combined with conventional energy sources, 
showing higher sustainability index than a combination of conventional energy sources 
States Climate 
Daily energy requirement 
per fish farm 
Global solar 
insolation 
(kWh/m2/day) 
Incentive 
Relative local energy price 
($/$electricity) 
Minimum and maximum supporting % from solar systems 
Electricity 
(kWh/day) 
Heat 
(MJ/day) 
Propane 
Natural 
gas 
Diesel 
PV-
T+NG 
PV-
T+DG 
PV-
T+PG 
SHW + 
PB 
SHW + 
NB 
SHW 
+ DB 
ID 
A 
699,690 1,679,254 4.65 N/A 0.94 0.56 2.55 >19 >10 >40 N/P <14 N/P 
NE 583 4,459 5.57 N/A 0.78 0.49 2.20 Any >97 >97 N/P <4 N/P 
UT 2,454 5,890 4.74 N/A 0.95 0.65 2.57 Any >85 >65 N/P <5 N/P 
WA 62,017 148,842 4.05 N/A 1.35 1.33 3.87 Any >32 >24 N/P <13 N/P 
FL 
E 
13,009 99,518 4.80 Both 0.79 0.64 2.04 Any >50 >32 >23 Any >35 
HI 494 3,782 5.45 Both 0.28 0.65 0.80 Any >29 >8 >19 Any >24 
AK 
S 
315 2,413 2.92 PV 0.37 0.33 1.06 Any >18 >16 N/P N/P N/P 
CO 5,427 13,025 4.65 N/A 0.86 0.65 2.34 Any >58 >20 N/P <7 N/P 
CT 17,286 132,241 3.70 N/A 0.51 0.40 1.24 Any >62 >40 N/P <8 N/P 
IL 6,483 15,560 4.16 N/A 0.90 0.85 2.46 Any >70 >42 N/P <6 N/P 
ME 3,703 28,330 3.43 N/A 0.74 0.59 1.78 Any >78 >54 N/P <7 N/P 
MI 1,031 7,889 3.60 N/A 0.82 0.71 2.13 Any >88 >66 N/P <4 N/P 
MN 294 705 3.57 PV 0.75 0.44 2.07 Any >53 >36 N/P N/P N/P 
NY 2,312 5,549 3.23 N/A 1.18 0.93 2.76 Any >80 >58 N/P <5 N/P 
OH 311 2,376 3.77 N/A 0.97 0.63 2.39 Any >95 >90 N/P <3 N/P 
WI 1,524 11,661 3.61 SHW 0.77 0.50 2.06 Any >40 >28 N/P <6 N/P 
AL 
T 
206,682 1,581,117 4.61 PV 0.92 0.59 2.52 >5 >18 >30 N/P <24 N/P 
AR 868,871 2,085,290 4.58 N/A 1.11 0.89 2.52 >25 >6 >43 N/P <60 N/P 
CA 17,310 132,418 4.85 PV 0.52 0.48 1.49 Any >30 >23 N/P <34 N/P 
GA 5,937 45,420 4.45 PV 1.01 0.69 2.82 Any >69 >46 N/P <16 N/P 
IN 43 330 4.22 N/A 0.92 0.69 2.15 Any >94 >84 N/P N/P N/P 
KS 63 481 4.75 PV 0.71 0.49 2.05 Any N/P N/P N/P N/P N/P 
KY 5,161 12,388 4.08 PV 1.23 0.67 2.89 Any >70 >52 N/P <10 N/P 
LA 95,512 730,663 4.40 N/A 1.12 0.73 2.85 >5 >32 >32 N/P <40 N/P 
MA 1,836 14,044 3.64 N/A 0.52 0.55 1.25 Any >72 >40 N/P <24 N/P 
MD 49 376 4.12 N/A 0.86 0.84 2.04 Any >84 >58 N/P N/P N/P 
MO 4,349 33,269 4.21 N/A 0.81 0.71 2.20 Any >74 >47 N/P <10 N/P 
MS 455,310 3,483,116 4.64 PV 0.91 0.70 2.54 >13 >10 >14 N/P <40 N/P 
NC 48,541 116,499 4.47 PV 1.03 0.87 2.75 Any >35 >27 N/P <35 N/P 
NJ 6,596 15,830 3.93 N/A 0.74 0.62 1.69 Any >67 >45 N/P <6 N/P 
OK 1,340 3,216 4.71 N/A 1.04 1.17 2.98 Any >77 >40 N/P <2 N/P 
OR 3,030 23,181 3.70 PV 1.03 0.73 2.95 Any >62 >84 N/P <8 N/P 
PA 3,830 29,300 3.61 N/A 1.05 1.08 2.58 Any >68 >37 N/P <10 N/P 
RI 369 2,826 3.81 PV 0.48 0.50 1.16 Any >38 >25 N/P <2 N/P 
SC 1,358 10,392 4.47 N/A 1.02 0.65 2.63 Any >87 >70 N/P <8 N/P 
TN 235 1,799 4.49 PV 1.04 0.71 2.77 Any >82 >60 N/P <3 N/P 
TX 18,936 144,862 4.66 PV 1.11 0.49 2.67 Any >52 >40 N/P <25 N/P 
VA 25,336 193,817 4.22 PV 1.10 0.60 2.40 Any >53 >40 N/P <20 N/P 
WV 500 3,822 4.03 N/A 0.91 0.24 2.34 <50 N/P N/P N/P <5 N/P 
Note: A: arid, E: equatorial, S: snow, T: temperate, PV: photovoltaics, SHW: solar hot water heater, NG: natural gas generator, DG: diesel generator, PG: propane generator, NB: 
natural gas boiler, DB: diesel boiler, PB: propane boiler, “+” indicates hybrid systems, N/A: not available and N/P: not possible.
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 For SHW systems, the hybrid SHW and propane boiler (SHW-PB) systems and the hybrid SHW 
and diesel boiler (SHW-BD) systems were not sustainable than a combination of conventional heating 
sources in most states, mainly due to low relative local natural gas prices as well as the lack of incentive 
for SHW systems. On the other hand, with a small percentage of solar energy, the hybrid SHW and 
natural gas boiler (SHW-NB) systems showed higher SIs than a combination of conventional heating 
sources in most states. This is because the SIs of the SHW-NB system decreased as a percentage from a 
SHW system increased. The maximum limits of SHW systems in the SHW+NB systems ranged from 2% 
in OK and RI to 60% in AR, with an average 14.5% across the U.S. 
 Results showed that it would be desirable to design the hybrid solar PV and conventional energy 
systems with a high percentage of solar energy (> 57%), due to the environmental and economic benefits 
of the use of solar PV systems. On the other hand, a design of the hybrid SHW system with a small 
percentage from a SHW system (< 15%) would be recommended due to the high sustainability 
performance of the natural gas boilers and the lack of incentives for SHW systems. Therefore, financial 
support for SHW systems, as discussed in Section 5.3.2.3, would be needed to make the hybrid SHW 
systems more competitive to conventional heating systems. 
 
5.4 Conclusions 
This paper investigated the potential improvement of the sustainability in U.S. aquaculture with 
energy systems. Generally, the use of renewable energy was more sustainable than conventional energy 
sources in the regions where there are favorable geographical conditions, high electricity and fuel prices, 
and incentives. 
Results indicated that the use of solar PV systems for power generation would improve the 
sustainability of U.S. aquaculture from both industry’s and regulators’ perspectives, by helping meet 
farmer’s needs while simultaneously protecting the environment. Especially, such systems showed a 
better sustainability performance for large scale aquaculture systems. On the other hand, the SHW system 
was not competitive to the natural gas boiler in most states in the U.S., while it was a more sustainable 
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option than conventional heat sources in the regions where incentives are available, such as FL and HI. 
The implementation of the anaerobic digestion system for a heating system in aquaculture generally led to 
a lower sustainability performance due to its high initial cost and the lack of incentives. However, the 
hybrid biogas-diesel heating system has better sustainability performance compared with a diesel heating 
system if it is used for medium to large scale fish farms. For more accurate results, a full-scale study on 
anaerobic digestion systems for aquaculture is needed. 
The improvement of the sustainability performance of solar PV systems could be achieved with 
either a technological advancement or an incentive, while financial support is more important for SHW 
systems. For hybrid energy systems, the use of hybrid solar PV and conventional energy systems with a 
high percentage from solar would be recommended. Among the conventional energy sources, the hybrid 
solar PV and natural gas generator systems showed the best sustainability performance. On the other hand, 
due to the high sustainability performance of a natural gas boiler, the hybrid SHW system with a high 
percentage from solar is not recommended unless the SHW system becomes more economically 
competitive to other conventional heating sources through local, state, or federal incentives.  
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CHAPTER 6: CONCLUSIONS AND FUTURE RESEARCH RECOMMENDATIONS 
This study investigated the life cycle environmental and economic effects of different alternative 
energy systems in aquaculture, allowing for the identification of the most sustainable energy options. This 
also provides useful insights for the sustainable development of aquaculture with energy systems. 
Specifically, the effects of aquaculture-related factors on energy intensity were statistically analyzed, and 
the developed energy intensity model was applied to explore the potential opportunity to grow future 
aquaculture in an energy efficient way (Task 1). Also, this was applied to develop a user-friendly decision 
support tool regarding alternative energy systems in aquaculture (Task 2), which can provide useful 
information for the sustainability performances of different energy supply decisions (Task 2 and Task 4). 
The real economic benefits and environmental performance of solar hot water systems for aquaculture 
were investigated under different geographical conditions, operating strategies, and design factors (Task 
3). The conclusions drawn from this work can be summarized as follows. 
 
6.1 Task 1 
• The natural trophic level of species, culture technology, culture system intensity, and climatic 
conditions are important factors to determine the energy intensity of aquaculture. 
• The energy intensity estimation model can be effectively used to predict the energy intensity of 
different forms of aquaculture under various geographical conditions. 
• China has the largest share (88%) in global fish supply, therefore, it is important to improve energy 
efficiencies in Chinese aquaculture while reducing the energy intensity of fish production in other 
regions. 
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• Energy use in future global aquaculture would be significantly reduced as more fish are produced 
from intensive marine-based culture systems for low trophic level species in developed countries and 
extensive culture systems for all trophic levels of species in developing countries.  
• Climate change would help alleviate the energy use of future global aquaculture as warm climates are 
more dominant in major aquaculture producing countries.  
 
6.2 Task 2 
• The FEAST was developed to assist the decision-making process for selection of the sustainable 
energy systems in aquaculture. 
• The FEAST can provide life cycle environmental and economic effects of energy supply decisions by 
individual fish farmers, state-wide planners, and policy-makers.  
• Several aspects were discussed through a case study of U.S. aquaponics using the FEAST. 
o Solar energy systems can be the most sustainable energy options for U.S. aquaculture from 
both industry’s and regulators’ perspectives.  
o The use of natural gas systems showed comparable sustainability performance to solar energy 
systems due to low environmental impacts and high economic benefits. 
o The application of anaerobic digestion for aquaculture can help reduce environmental impacts 
of heating systems, but its economic viability should be improved through incentives.  
 
6.3 Task 3 
• The use of solar hot water systems could enhance the economics of aquaculture through increased 
fish revenues by improving fish survivability.  
• Heating strategies, settings (indoor or outdoor), and local climatic conditions played a pivotal role in 
determining the environmental and economic impacts of the solar hot water systems in aquaculture. 
• Climatic conditions showed a significant impact on the environmental and economic results.  
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o In the cold climate regions, environmental impacts of the solar hot water systems decreased 
as the heating increased from 20% to 80% due to higher efficiency in the fish production 
improvement (i.e., number of fish produced per m2 of a thermal collector). 
o In the hot and moderate climate regions, environmental impacts of the solar hot water 
systems increased with the increased heating. 
o The lowest and highest environmental impacts occurred for the same heating (20%) and 
setting (outdoor) but different climatic conditions, hot and cold climate, respectively.  
o The use of solar hot water systems was economically beneficial at any heating as well as 
under any setting and climate, except for 20% heating under the cold climate due to the low 
fish revenue improvement compared to initial cost.  
• The use of the solar hot water system generally showed lower environmental impacts compared to the 
use of the electric boiler; however, the solar hot water systems were economically beneficial 
compared with the electric boilers only under specific conditions as follows.  
o Indoor systems in the moderate climate regions. 
o The use of 50% to 100% heating strategies in the cold climate regions.  
• The selection of make-up water sources (streamwater or groundwater) and the modes of solar 
collector (fixed or optimal tilt angle) could further contribute to mitigating environmental and 
economic impacts.  
o By switching from streamwater to groundwater, a significant economic improvement was 
achieved for indoor aquaculture systems with the 80% heating strategy under the moderate 
climate due to the reduced heating demands.  
o In terms of environmental impacts, the use of groundwater is more efficient to reduce the 
impact than the mode of solar collectors.  
• The sensitivity analysis showed that the environmental impacts were most sensitive to the thermal 
preferendum (i.e., optimal water temperature) of the cultured species, while life cycle costs were most 
137 
 
sensitive to the inputs associated with the retail fish price and the thermal preferendum of the cultured 
species.  
 
6.4 Task 4 
• Local geographical and weather characteristics, local energy prices, and incentive availability were 
pivotal parameters to determine the sustainability performance of alternative energy systems in 
aquaculture. 
• The use of renewables was more sustainable than conventional energy sources in the regions where 
there are favorable geographical conditions, high electricity and fuel prices, and incentives 
(performance-based or rebate).  
• The use of solar photovoltaic systems for power generation would improve the sustainability of U.S. 
aquaculture from both industry’s and regulators’ perspectives. 
• The improvement of the sustainability performance of solar photovoltaic systems can be achieved 
with either a technical advancement or an incentive. 
• The use of solar hot water systems was not competitive with the natural gas boilers in most regions in 
the U.S. Therefore, financial support would be needed to make the solar hot water systems have better 
sustainability performance than other conventional heating sources.  
• The application of anaerobic digestion as a backup system in general resulted in a lower sustainability 
performance due to its high initial cost and the lack of incentives; however, the hybrid biogas-diesel 
heating system has better sustainability performance compared with a diesel heating system if it is 
used for medium to large scale fish farms.  
• For the best sustainability performance with hybrid energy systems, the use of hybrid solar 
photovoltaics and conventional energy systems with a high percentage (>50%) from solar is 
recommended, while a small percentage (<20%) from solar is desirable for the hybrid solar hot water 
and conventional energy systems. 
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6.5 Recommendations for Future Study 
6.5.1 Energy Intensity Estimation Model and Future Energy Use of Global Aquaculture 
The energy intensity estimation model developed in this dissertation does not include fish 
production scale as a continuous variable. The main reason for omitting the variable was the confidential 
issue from many commercial aquaculture facilities. Also, current energy use data did not distinguish 
between energy use for only a growout unit or for both hatchery and growout units. With the inclusion of 
the production scale and the detailed energy use data, the model will show better predictability and be 
effectively used for future analysis with more accurate results. Also, current results in Task 1 do not 
include some major aquaculture producing countries, including India, Indonesia, and Vietnam. The 
impacts of growth strategies and climate change on energy use of future global aquaculture should be re-
investigated with the large fish producing countries. Furthermore, Task 1 assumed the amount of total fish 
production was the same among the future scenarios; however, the amount of total fish production can 
differ depending on the scenarios considered, such as the reduction in the total global fish production by 
climate change effects. Therefore, a holistic assessment would be recommended. For this, the combined 
life cycle assessment and system dynamics study can be applied.  
 
 6.5.2 Improve the Applicability of the FEAST 
The current FEAST considers conventional and modern aquaculture systems. The applicability of 
the tool can be further improved along with the future research on designs and technologies in aquaculture 
systems. Additionally, other renewable sources, such as geothermal energy, hydro energy, wind energy, 
and algae, should be incorporated in the future FEAST to allow a more holistic sustainability assessment 
with a wider variety of energy options. Also, a full-scale study on anaerobic digestion systems for 
aquaculture should be conducted.  
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6.5.3 Improvement of a LCCA Framework with Solar Hot Water Systems 
In Task 3, the real economic benefits from the use of solar hot water systems for aquaculture were 
quantified by considering the effect of water temperature on fish mortality and profitability, especially for 
Nile tilapia. In addition to fish mortality, effects of water temperature on fish growth rate and fish growth 
efficiency should be considered. Moreover, this study can be further expanded by incorporating 
temperature models for other major aquaculture species to find the optimal operational strategies and 
design factors for implementation of solar hot water systems for aquaculture.  
 
6.5.4 Expansion of the Study Scale to the Global Level 
 Task 3 and Task 4 focused on aquaculture systems in the United States. By expanding the scale of 
study from the U.S. to global, it can provide an insight for environmentally and economically sustainable 
growth of global aquaculture with energy systems considering different geographical and economic 
contexts.  
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APPENDIX A: TASK 1 
Table A.1 Energy use data in aquaculture 
# Species 
Culture 
system 
intensity  
Culture 
technology  
Location Production (kg) 
Energy 
intensity  
(MJ/kg 
fish) 
References 
1 
Trout (Very 
large sized) 
Intensive 
Flow-
through 
Raceway 
France 
(Aquitaine and 
Bretagne) 
1000 FU 78 
Papatryphon et 
al., 2005 
2 
Trout (large 
sized) 
Intensive 
Flow-
through 
Raceway 
France 
(Aquitaine and 
Bretagne) 
1000 FU 58 
3 
Trout 
(portion 
sized) 
Extensive 
Flow-
through 
Raceway 
France 
(Aquitaine and 
Bretagne) 
1000 FU 42 
4 
Trout (Very 
large sized) 
Extensive 
Flow-
through 
Raceway 
France 
(Aquitaine and 
Bretagne) 
1000 FU 52 
5 
Trout (large 
sized) 
Extensive 
Flow-
through 
Raceway 
France 
(Aquitaine and 
Bretagne) 
1000 FU 41 
6 
Trout 
(portion 
sized) 
Extensive 
Flow-
through 
Raceway 
France 
(Aquitaine and 
Bretagne) 
1000 FU 30 
7 Trout Intensive RAS Denmark 1000 FU 71 
Samul-Fitwi et 
al., 2013 
8 Trout Intensive RAS Denmark 478000 Annual 63 
d'Orbcastel et 
al., 2009 
9 Salmon Intensive 
Flow-
through 
Raceway 
France (Murgat 
SAS) 
478000 Annual 44 
10 Trout Intensive 
Flow-
through 
Raceway 
France (Murgat 
SAS) 
478000 Annual 35 
11 Shrimp Intensive RAS US (Hawaii) 1800 FU 95 Sun, 2009 
12 Shrimp Extensive 
Flow-
through 
Thailand na 46 
Mungkung, 
2005 
13 Turbot Intensive RAS 
France 
(Brittany, 
north-western) 
70000 Annual 281 
Aubin et al., 
2009 
14 Trout Intensive 
Flow-
through 
Raceway 
France 
(Aquitaine, 
south-western) 
330000 Annual 68 
15 Seabass Intensive Cage 
Greece 
(Ecoikos Gulf, 
north of 
Athens) 
256000 Annual 49 
16 
Shrimp 
(white) 
Intensive Pond Thailand 1000 FU 26 
Lebel et al., 
2010 
17 
Shrimp 
(black) 
Extensive Pond Thailand 1000 FU 38 
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Table A.1 (Continued)  
# Species 
Culture 
system 
intensity  
Culture 
technology  
Location Production (kg) 
Energy 
intensity  
(MJ/kg 
fish) 
References 
18 Salmon Extensive Cage Norway 626000 Annual 26 
Pelletier et al., 
2009 
19 Salmon Extensive Cage UK 132000 Annual 48 
20 Salmon Extensive Cage Canada 102000 Annual 31 
21 Salmon Extensive Cage Chile 386000 Annual 33 
22 
Smolts  
(young 
salmon) 
Semi-
intensive 
Flow-
through 
US 192000 Annual 41 
Colt et al., 2008 
23 Smolts 
Semi-
intensive 
Flow-
through 
US 192000 Annual 113 
24 Smolts 
Semi-
intensive 
RAS US 192000 Annual 65 
25 Smolts 
Semi-
intensive 
RAS US 192000 Annual 198 
26 Smolts 
Semi-
intensive 
RAS US 192000 Annual 78 
27 Trout Extensive Cage 
Finland 
(Archpelago 
area) 
1000 FU 4.3 
Silvenious & 
Grönroos, 2003 
28 Trout Extensive Cage 
Finland 
(Archpelago 
area) 
1000 FU 3.2 
29 Trout Extensive Cage 
Finland 
(Archpelago 
area) 
1000 FU 3.5 
30 Trout Extensive Cage 
Finland 
(Archpelago 
area) 
1000 FU 3.8 
31 Trout Extensive Cage 
Finland 
(Archpelago 
area) 
1000 FU 5.2 
32 Trout Extensive Funnel Finland 1000 FU 4 
33 Trout Intensive 
Cage (closed 
float) 
Finland 1000 FU 15 
34 Trout Intensive 
Pond 
(marine) 
Finland 1000 FU 77 
35 Shrimp 
Semi-
intensive 
Pond 
Colombia (Bay 
of Barbacoas 
area) 
4000 kg/ha/yr 44 
Larsson et al., 
1994 
36 Salmon Intensive Cage Scotland na 
 
23 
Stewart et al., 
1995 
37 Salmon Intensive Cage Baltic Sea 40000 Annual 20 Folke, 1988 
38 Salmon Extensive Cage Norway 0.2 FU 13 
Ellingsen & 
Aanondsen, 
2006 
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Table A.1 (Continued)  
# Species 
Culture 
system 
intensity  
Culture 
technology  
Location Production (kg) 
Energy 
intensity  
(MJ/kg 
fish) 
References 
39 Carp 
Semi-
intensive 
Pond 
Hungary 
(Szarvas) 
300000 Annual 48 
Gál et al., 2009   
40 Carp 
Semi-
intensive 
Pond 
Hungary 
(Szarvas) 
300000 Annual 23 
41 Catfish Extensive Pond 
Hungary 
(Szarvas) 
300000 Annual 10 
42 
Catfish, 
tilapia, carp 
Extensive Pond 
Hungary 
(Szarvas) 
300000 Annual 9 
43 
Catfish, 
tilapia, carp, 
mussel 
Extensive Pond 
Hungary 
(Szarvas) 
300000 Annual 10 
44 Catfish Extensive Pond 
Hungary 
(Szarvas) 
300000 Annual 32 
45 
Catfish, 
tilapia, carp 
Extensive Pond 
Hungary 
(Szarvas) 
300000 Annual 27 
46 
Catfish, 
tilapia, carp, 
mussel 
Extensive Pond 
Hungary 
(Szarvas) 
300000 Annual 30 
47 Catfish Intensive Pond 
Hungary 
(Szarvas) 
300000 Annual 68 
48 
Catfish, 
tilapia, carp 
Intensive Pond 
Hungary 
(Szarvas) 
300000 Annual 37 
49 
Catfish, 
tilapia, carp, 
mussel 
Intensive Pond 
Hungary 
(Szarvas) 
300000 Annual 78 
50 Tilapia Intensive RAS Netherlands 1E+11 Annual 19 
Eding et al., 
2009 
51 Tilapia Intensive RAS Switzerland 1840 Annual 772 Heeb & Wyss, 
2009 52 Tilapia Intensive RAS Switzerland 1840 Annual 570 
53 Catfish Intensive RAS Netherlands 100000 Annual 3 
Eding & 
Kamstra, 2002 
54 Eel Extensive RAS Netherlands 100000 Annual 25 
55 Turbot Extensive RAS Netherlands 100000 Annual 36 
56 Tilapia Intensive Pond Indonesia 600000 Annual 16 
Pelletier & 
Tyedmers, 2010 57 Tilapia Intensive 
Lake - Net 
pen 
Indonesia 
4465000
0 
Annual 13 
58 Salmon 
Semi-
intensive 
Net pen Canada 3600000 
Per 
growout 
cycle 
3 
Ayer & 
Tyedmers, 2009 
59 Salmon 
Semi-
intensive 
Floating bag 
system 
Canada 416000 
Per 
growout 
cycle 
6 
60 Salmon 
Semi-
intensive 
Flow-
through 
Canada 96200 
Per 
growout 
cycle 
48 
61 Salmon Intensive RAS Canada 46200 
Per 
growout 
cycle 
92 
62 Catfish Intensive Pond US (Luisiana) na 21 
Westoby & 
Kase, 1974 
63 Rohu Intensive Pond India (Delhi) na 29 Tiwari & Sarkar, 
2006 64 Rohu Intensive Pond India (Delhi) na 17 
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Table A.1 (Continued)  
# Species 
Culture 
system 
intensity  
Culture 
technology  
Location Production (kg) 
Energy 
intensity  
(MJ/kg 
fish) 
References 
65 Oysters Intensive RAS US (Hawaii) na 211 
Bardach, 1980 66 Lake Perch Intensive RAS 
US 
(Wisconsin) 
na 189 
67 
Carp, tilapia, 
and mullet 
Semi-
intensive 
Pond Israel na 22 
68 Seabass Intensive Cage Thailand na 20 Pillay, 1990 
69 Shrimp Intensive Pond Thailand na 61 Shang, 1992 
70 Catfish Intensive Pond US na 58 
Rawitscher & 
Mayer, 1977 
71 Prawn Intensive Pond US (Hawaii) na 4 Bardach, 1980 
72 Salmon Extensive Cage 
British 
Columbia, 
Canada 
na 4 
Tyedmer, 2000 
73 Salmon Extensive Cage 
British 
Columbia, 
Canada 
na 7 
74 Carp Intensive Pond 
India (Punjab, 
Patiala) 
na 26 
Singh & Pannu, 
1998 
75 Carp Intensive Pond 
India (Punjab, 
Patiala) 
na 27 
76 Carp Intensive Pond 
India (Punjab, 
Patiala) 
na 26 
77 Carp Intensive Pond 
India (Punjab, 
Patiala) 
na 24 
78 Carp Intensive Pond 
India (Punjab, 
Patiala) 
na 24 
79 Carp Intensive Pond 
India (Punjab, 
Patiala) 
na 19 
80 Carp Intensive Pond 
India (Punjab, 
Patiala) 
na 33 
81 Carp Intensive Pond 
India (Punjab, 
Patiala) 
na 26 
82 Catfish Intensive Pond 
US 
(Mississippi) 
na 19 
Waldrop & 
Dillard 1985 
83 
Grouper/bas
s 
Intensive Cage Indonesia na 32 
Stewart, 1995 84 Tilapia 
Semi-
intensive 
Pond Malawi na 24 
85 Mussel Intensive Long-line Scotland na 5 
86 Salmon Intensive Cage Scotland na 21 
87 Tilapia 
Semi-
intensive 
Pond Zimbabwe na 21 
Berg et al., 1996 
88 Tilapia Intensive Cage Zimbabwe na 26 
89 Salmon na na na na 37 
Costa-Pierce 
(2002) & Troell 
et al. (2004) 
90 Tilapia Intensive na na na 23 
91 Milkfish na na na na 12 
92 Oysters na na na na 1 
93 Pangasius na na na na 34 
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Table A.1 (Continued) 
# Species 
Culture 
system 
intensity  
Culture 
technology  
Location Production (kg) 
Energy 
intensity  
(MJ/kg 
fish) 
References 
94 Carp Intensive Pond Asia na 40 
Costa-Pierce, 
2010 
95 Tilapia 
Semi-
intensive 
Pond Indonesia na 40 
96 Trout Intensive Cage 
Finland & 
Ireland 
na 40 
97 Mussel na Long-line Europe na 1 
98 Tilapia 
Semi-
intensive 
na Aftrica na 60 
100 Catfish na Pond na na 84 
101 Shrimp 
Semi-
intensive 
Pond Ecuador na 40 
102 Salmon na Cage 
Canada & 
Sweden 
na 45 
103 Oysters Intensive Tanks US na 586 
104 Tilapia 
Semi-
intensive 
RAS 
(aquaponics) 
US (Florida) - 16 
Facility 
(Lakeland, FL) 
105 Red drum Intensive RAS US (Florida) - 81 
Facility 
(Sarasota, FL) 
106 Red drum 
Semi-
intensive 
RAS 
(aquaponics) 
US (Florida) - 25 
Facility 
(Sarasota, FL) 
Note: RAS is a recirculating aquaculture system, FU is the functional unit, “na” indicates not available, and “-” represents the 
information was omitted due to the confidentiality. 
 
A.1 Scenarios for Future Global Aquaculture Growth 
Future global aquaculture growth scenarios were adapted from Delagado et al. (2003) and Msangi 
et al. (2013). Expected annual average growth rates of aquaculture by different regions or group of 
countries were also obtained from their studies (Table A.2). For future scenarios, it was assumed that 
there was no change in species, culture technology, and culture system intensity used for the current 
global aquaculture, except for the scenario of innovative and environmentally friendly growth, which was 
the addition of extensive land-based culture technology to meet 30% of the total fish demand in each 
country. Therefore, only a proportion of fish production (mass of production) from each production case 
in a country was changed depending on scenarios. Energy demands were calculated for each of the global 
aquaculture production elements in five different scenarios to 2025 based on several assumptions.  
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Table A.2 Average annual growth rates of aquaculture in different regions to 2025 
Categories Regions Countries 
Average annual growth rates 
(%) 
Developed 
NAM CA 0.005134 
LAC CL 0.011416 
ECA IT 0.026527 
JAP JP 0.008916 
ECA MT 0.026527 
MNA OM 0.047816 
NAM US 0.005134 
Developing 
MNA AE 0.047816 
AFR AO 0.062311 
SAR BD 0.049862 
LAC BR 0.011416 
CHN CN 0.028675 
AFR CM 0.062311 
LAC CO 0.011416 
LAC CR 0.011416 
LAC EC 0.011416 
MNA IR 0.047816 
LAC MX 0.011416 
LAC NI 0.011416 
LAC PE 0.011416 
SEA TH 0.043342 
Europe and Central Asia (ECA), North America (NAM), Southeast Asia (SEA), South Asia Region (SAR), Japan (JAP), Latin 
America and Caribbean (LAC), Sub-Sahara Africa Region (AFR), Middle East and North Africa (MNA), and China (CHN); 
Canada (CA), Chile (CL), Italy (IT), Japan (JP), Malta (MT), Oman (OM), United States (US), United Arab Emirates (AE), 
Angola (AO), Bangladesh (BD), Brazil (BR), China (CN), Cameroon (CM), Columbia (CO), Costa Rica (CR), Iran (IR), Mexico 
(MX), Nicaragua (NI), Peru (PE), and Thailand (TH) 
 
A.2 Current Global Aquaculture  
This involved the 23 combinations of aquaculture systems in 2015 based on the NASO map 
(NASO, 2012). Total global aquaculture production is approximately 48,708,952 metric tons/yr.  
A.3 Scenario 1: Baseline Scenario 2025 (As Usual)  
This scenario assumes no change in species and production methods. All aquaculture businesses 
would be equally expanded during the 2015-2025 period. Aquaculture production in 2025 is 64,455,978 
metric tons/yr. Annual growth rates of aquaculture for each region were obtained from Delagado et al. 
(2003) and Msangi et al. (2013). 
A.4 Scenario 2: Faster Growth  
This scenario assumed there would be an active information sharing on culture technology for 
improving production efficiency around the globe, such as improvements in feed conversion ratio and 
water quality management skills, etc. These would allow fish farms to be more intensive. Therefore, a 3% 
146 
 
annual growth rate of the proportion from intensive systems around the globe was assumed. Other 
systems using semi-intensive or extensive systems were annually diminished in a proportional manner. 
Total aquaculture production in 2025 is 64,455,978 metric tons/yr. 
A.5 Scenario 3: Slower Growth 
This scenario assumed that the active information sharing on culture technology for improving 
production efficiency would only occur in developed countries. Therefore, it was assumed that the 
intensive systems would increase in developed countries by a 1% of annual growth rate, while semi-
intensive or extensive systems would increase in developing countries by a 1% of annual growth rate. 
Total aquaculture production in 2025 is 64,455,978 metric tons/yr. 
A.6 Scenario 4: China  
China has currently the largest share of aquaculture production (about 62% of the total 
aquaculture production in 2012) showing a notable annual growth rate (FAO, 2014). According to 
Msangi et al. (2014), China in 2030 is expected to produce about 58% of aquaculture production while 
accounting for 38% of global consumption of food fish. Considering this, China will increasingly impact 
on the global fish markets. This scenario investigated how fish production in China might affect the 
energy demand of the global aquaculture. It was assumed that intensive systems in China would be 
expanded by a 3% of annual growth rate, while fish production from semi-intensive or extensive systems 
would be declined in a proportional manner. Total aquaculture production in 2025 is 64,455,978 metric 
tons/yr. 
A.7 Scenario 5: Integrated Extensive Land-Based System Expansion 
This scenario assumed that advances in technology and management of land-based technologies. 
It was assumed that the integration of extensive systems into intensive land-based culture systems could 
contribute to improvements in resource use efficiency and water quality management. For instance, 
wetland systems were used to treat effluents from intensive fish farms (Costa-Pierce, 1998). Also, a 
combination of aquaculture and algae system was suggested by treating the effluents of intensive fish 
production in an extensive algal pond (Kerepeczki and Pekar, 2005). The systems would allow 
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aquaculture to reduce water and environmental burdens while maintaining a high production yield. By 
assuming that these integrated intensive-extensive systems would be more promoted, it was assumed that 
30% of the fish demands in countries were met by the combined extensive-intensive (extensive in the 
manuscript) land-based technologies. Total aquaculture production in 2025 is 64,455,978 metric tons/yr.  
 
 
Figure A.1 Average energy intensity per kg production of species in aquaculture (Note: Energy 
intensity was averaged using data collected for this study.) 
 
(a)                                                                                  (b) 
  
Figure A.2 (a) Köppen-Geiger climate classification map (red: tropical, yellow: arid, green: 
temperate, blue: cold, and white: polar) and (b) Re-grouped global climate zones (orange: arid, 
temperate, or tropical climate, white: cold or polar climate) 
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Figure A.3 Current global aquaculture sites classified by climate zones 
 
Figure A.4 below shows diagnostic residual plots against each predictor and fitted values and a 
normal probability plot. None of these plots suggested any gross inadequacies of the regression model. 
The coefficient of correlation between the ordered residuals and their expected values is 0.982. With 42 
data, the critical value for the coefficient of correlation, between the ordered residuals and their expected 
values under normality is 0.972 at a 0.05 significance level (Looney et al., 1985). Since the coefficient of 
correlation between the ordered residuals and their expected values (0.982) was greater than 0.972, the 
assumption of normality was reasonable. 
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(a)                                                                                (b) 
 
(c)                                                                                (d) 
 
(e)                                                                               (f) 
 
Figure A.4 Diagnostic residual plots against (a) Trophic level, (b) Intensity of production system, (c) 
Type of production system, (d) Climate, (e) Fitted values and (f) A normal probability plot 
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Figure A.5 Energy intensities of aquaculture (an upper figure), Annual fish production and energy 
intensity in 2015, and expected annual fish production in 2025 (a bottom table) (Note: Europe and 
Central Asia (ECA) North America (NAM), Southeast Asia (SEA), South Asia Region (SAR), 
Japan (JAP), Latin America and Caribbean (LAC), Sub-Sahara Africa Region (AFR), Middle East 
and North Africa (MNA), and China (CHN).) 
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             (a) 
 
             (b) 
 
Figure A.6 Future global aquaculture distributions with (a) B1 climate change scenario and (b) 
A1F1 climate change scenario with consideration of business-as-usual growth scenario (Note: 
Extensified system includes extensive and semi-intensive culture systems and red dotted circles 
indicate the affected sites by climate change.) 
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A.8 R Codes Used for Model Development 
> mydata <- read.table("task11.csv", header=TRUE, sep=",") 
> pairs(mydata) 
 
Figure A.7 Multivariate plot of the aquaculture energy intensity data 
 
> lm1 <- lm(Y~X1+X2+X3+X4+x1x2+x1x3+x1x4+x2x3+x2x4+x3x4+x1.2+x2.2+x3.2+x4.2, 
data=mydata) 
> summary(lm1) 
 
Call: 
lm(formula = Y ~ X1 + X2 + X3 + X4 + x1x2 + x1x3 + x1x4 + x2x3 +  
    x2x4 + x3x4 + x1.2 + x2.2 + x3.2 + x4.2, data = mydata) 
 
Residuals: 
    Min      1Q  Median      3Q     Max  
-280.07  -28.83   -6.41   15.90  393.93  
 
Coefficients: (6 not defined because of singularities) 
            Estimate Std. Error t value Pr(>|t|)     
(Intercept)  56.4169    48.7769   1.157 0.255727     
X1            0.5263    25.4114   0.021 0.983600     
X2           21.2869    25.1610   0.846 0.403630     
X3          108.6057    27.3067   3.977 0.000359 *** 
X4           72.8379    20.4043   3.570 0.001120 **  
x1x2              NA         NA      NA       NA     
x1x3         -0.5431    23.9727  -0.023 0.982063     
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x1x4         12.1547    21.5890   0.563 0.577237     
x2x3              NA         NA      NA       NA     
x2x4              NA         NA      NA       NA     
x3x4         63.0452    20.1064   3.136 0.003593 **  
x1.2              NA         NA      NA       NA     
x2.2              NA         NA      NA       NA     
x3.2         68.6509    47.4661   1.446 0.157521     
x4.2              NA         NA      NA       NA     
--- 
Signif. codes:  0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1 
 
Residual standard error: 112.9 on 33 degrees of freedom 
Multiple R-squared:  0.5345, Adjusted R-squared:  0.4216  
F-statistic: 4.736 on 8 and 33 DF,  p-value: 0.0006211 
 
> anova(lm1) 
Analysis of Variance Table 
 
Response: Y 
          Df Sum Sq Mean Sq F value   Pr(>F)    
X1         1  30743   30743  2.4100 0.130098    
X2         1   8564    8564  0.6714 0.418447    
X3         1 132902  132902 10.4185 0.002818 ** 
X4         1 157686  157686 12.3614 0.001298 ** 
x1x3       1    852     852  0.0668 0.797690    
x1x4       1   7248    7248  0.5682 0.456335    
x3x4       1 118592  118592  9.2967 0.004500 ** 
x3.2       1  26684   26684  2.0918 0.157521    
Residuals 33 420960   12756                     
--- 
Signif. codes:  0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1 
 
Interaction effect between X3 and X4 is significant at 0.05 of a significance level.  
> lm2 <- lm(Y~X1+X2+X3+X4+x3x4, data=mydata) 
> summary(lm2) 
 
Call: 
lm(formula = Y ~ X1 + X2 + X3 + X4 + x3x4, data = mydata) 
 
Residuals: 
    Min      1Q  Median      3Q     Max  
-263.47  -27.25   -1.29   14.75  410.53  
 
Coefficients: 
            Estimate Std. Error t value Pr(>|t|)     
(Intercept)   120.56      18.75   6.431 1.85e-07 *** 
X1             20.48      20.27   1.011 0.318938     
X2             39.62      20.57   1.926 0.062051 .   
X3             82.91      19.22   4.313 0.000120 *** 
X4             72.97      20.04   3.641 0.000847 *** 
x3x4           62.02      19.55   3.173 0.003081 **  
--- 
Signif. codes:  0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1 
 
Residual standard error: 111.7 on 36 degrees of freedom 
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Multiple R-squared:  0.5037, Adjusted R-squared:  0.4347  
F-statistic: 7.306 on 5 and 36 DF,  p-value: 8.193e-05 
 
Since the result showed that X1 and X2 are not significant, I tried to use the Boxcox 
transformation.  
boxCox(lm2, lambda=seq(-2,2, by=0.1)) 
 
Figure A.8 A plot of lambda and log-likelihood for the Boxcox transformation 
 
> lm3 <- lm(Y^-0.5~X1+X2+X3+X4+x3x4, data=mydata) 
> summary(lm3) 
 
Call: 
lm(formula = Y^-0.5 ~ X1 + X2 + X3 + X4 + x3x4, data = mydata) 
 
Residuals: 
     Min       1Q   Median       3Q      Max  
-0.06576 -0.02858  0.00478  0.01756  0.07125  
 
Coefficients: 
             Estimate Std. Error t value Pr(>|t|)     
(Intercept)  0.145150   0.006637  21.870  < 2e-16 *** 
X1          -0.019678   0.007176  -2.742 0.009450 **  
X2          -0.027580   0.007283  -3.787 0.000559 *** 
X3          -0.037128   0.006807  -5.454 3.73e-06 *** 
X4          -0.019541   0.007095  -2.754 0.009172 **  
x3x4        -0.009673   0.006920  -1.398 0.170733     
--- 
Signif. codes:  0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1 
 
Residual standard error: 0.03953 on 36 degrees of freedom 
Multiple R-squared:  0.6612, Adjusted R-squared:  0.6142  
F-statistic: 14.05 on 5 and 36 DF,  p-value: 1.228e-07 
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> lm4 <- lm(log(Y)~X1+X2+X3+X4+x3x4, data=mydata) 
> summary(lm4) 
 
Call: 
lm(formula = log(Y) ~ X1 + X2 + X3 + X4 + x3x4, data = mydata) 
 
Residuals: 
    Min      1Q  Median      3Q     Max  
-1.0762 -0.3398 -0.1074  0.4194  1.2909  
 
Coefficients: 
            Estimate Std. Error t value Pr(>|t|)     
(Intercept)   4.1113     0.1008  40.783  < 2e-16 *** 
X1            0.2342     0.1090   2.149 0.038465 *   
X2            0.3775     0.1106   3.412 0.001607 **  
X3            0.6364     0.1034   6.156 4.31e-07 *** 
X4            0.3882     0.1078   3.602 0.000945 *** 
x3x4          0.2632     0.1051   2.504 0.016934 *   
--- 
Signif. codes:  0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1 
 
Residual standard error: 0.6005 on 36 degrees of freedom 
Multiple R-squared:  0.6586, Adjusted R-squared:  0.6112  
F-statistic: 13.89 on 5 and 36 DF,  p-value: 1.404e-07 
 
Table A.3 R2 and adjusted R2 for different transformation methods 
Transformation R2 adjusted R2 
Y’ = Y-0.5 0.6612 0.6142 
Y’ = ln(Y) 0.6586 0.6112 
 
> lm5 <- lm(Y^-0.5~X1+X2+X3+X4, data=mydata) 
> summary(lm5) 
 
Call: 
lm(formula = Y^-0.5 ~ X1 + X2 + X3 + X4, data = mydata) 
 
Residuals: 
      Min        1Q    Median        3Q       Max  
-0.065533 -0.033210  0.006833  0.023263  0.071246  
 
Coefficients: 
             Estimate Std. Error t value Pr(>|t|)     
(Intercept)  0.148805   0.006178  24.085  < 2e-16 *** 
X1          -0.017819   0.007142  -2.495 0.017193 *   
X2          -0.027649   0.007377  -3.748 0.000607 *** 
X3          -0.037348   0.006892  -5.419 3.85e-06 *** 
X4          -0.019272   0.007184  -2.683 0.010851 *   
--- 
Signif. codes:  0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1 
 
Residual standard error: 0.04004 on 37 degrees of freedom 
Multiple R-squared:  0.6428, Adjusted R-squared:  0.6042  
F-statistic: 16.65 on 4 and 37 DF,  p-value: 6.893e-08 
 
> outlierTest(lm5) 
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No Studentized residuals with Bonferonni p < 0.05 
Largest |rstudent|: 
   rstudent unadjusted p-value Bonferonni p 
30 2.153268           0.038071           NA 
 
ANOVA and Lack of fit test from MINITAB software 
Analysis of Variance 
 
Source         DF    Seq SS    Adj SS     Adj MS        F         P 
Regression      4  0.104958  0.104958  0.0262395  16.4675  0.000000 
  X1            1  0.044417  0.009947  0.0099465   6.2423  0.017043 
  X2            1  0.013218  0.021561  0.0215615  13.5317  0.000742 
  X3            1  0.036115  0.046744  0.0467439  29.3357  0.000004 
  X4            1  0.011209  0.011209  0.0112090   7.0346  0.011705 
Error          37  0.058956  0.058956  0.0015934 
  Lack-of-Fit   7  0.014685  0.014685  0.0020979   1.4216  0.233406 
  Pure Error   30  0.044271  0.044271  0.0014757 
Total          41  0.163914 
 
The possible values of lambda for the Boxcox transformation were -0.5 and 0. Since values of R2 
and adjusted R2 with a lambda of -0.5 were higher than those with a lambda of 0. Therefore, observations 
were transformed with a power of -0.5 and the interaction effect between X3 and X4 was not significant at 
a 0.05 of significance level. Therefore, the fitted regression model is, as shown in lm5 of R result above, 
Y = 0.1488 – 0.01782X1 – 0.02765X2 – 0.03735X3 – 0.01927X4. No outliers and significant lack of fit 
were identified.
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APPENDIX B: TASK 2 
 
Figure B.1 A screenshot of the entry interface in the FEAST 
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Figure B.2 A screenshot of the LCA-Electricity interface in the FEAST 
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Figure B.3 A screenshot of the LCA-Heat interface in the FEAST 
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Figure B.4 A screenshot of the LCCA-Electricity interface in the FEAST 
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Figure B.5 A screenshot of the LCCA-Heat interface in the FEAST 
 
 
 
 
 
 
 
162 
 
 
Figure B.6 A screenshot of the summary interface in the FEAST 
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Figure B.7 A screenshot of the simulation results with different energy supporting percentages in 
the hybrid solar PV and natural gas system 
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Figure B.8 System boundaries of alternative energy systems for (a) solar hot water, (b) solar 
photovoltaics, (c) anaerobic digestion and (d) generator and boiler with fuels (i.e., natural gas, 
diesel, and propane) 
 
 
 
 
 
165 
 
(a) 
 
(b) 
 
Figure B.9 (a) Greenhouse gas emissions of alternative electricity generation systems by life cycle 
stage and (b) single scores as aggregated environmental impacts 
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Figure B.10 Life cycle costs of alternative electricity generation systems used for aquaponics in 
different regions of the U.S. 
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(a) 
 
(b) 
 
Figure B.11 (a) Greenhouse gas emissions of alternative heating systems by life cycle stage and (b) 
single scores as aggregated environmental impacts 
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Figure B.12 Life cycle costs of alternative heating systems used for aquaponics in different regions 
of the U.S. 
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Table B.1 Natural trophic levels of the aquaculture species (Talberth et al., 2006; Pauly and 
Christensen, 1995) 
Species or species groups Mean Trophic levels 
Tunas, bonitos, billfishes 4.2 
Krill 2.2 
Anchovies, sardines 2.6 
Mackerels 3.3 
Squids 3.2 
Small pelagics 2.8 
Misc. teleosteans 3.5 
Jack, mackerels 3.3 
Squids, cuttlefishes, octopuses 3.2 
Shrimps, prawns 2.7 
Lobster, crab and other invertebrates 2.6 
Sharks, rays chimaeras 3.6 
Cods, hakes, haddocks 3.8 
Redfishes, basses, congers 3.4 
Jacks, mullets, sauries 3.8 
Herring, sardines, anchovies 3 
Shrimps and other crustaceans 2.3 
Squids, cuttlefishes, octopuses 3.2 
Flounders, halibuts, soles 2.9 
Mackerels, cutlassfishes 3.4 
Diadromous fishes 2.4 
Sharks, rays, chimaeras 3.7 
Bivalves and other mollusks 2.1 
Misc. marine fishes 2.8 
Herring, sardines, anchovies 3.2 
Seaweeds 1 
Jack and mackerels 3.3 
Diadromous fishes 2.8 
Crustaceans and other invertebrates 2.4 
Invertebrates and amphibians 2.2 
Carp-like fish 2.7 
Tilapia and other cichlids 2.5 
Turtles 2.4 
Mics. Freshwater fishes 3.1 
Misc. diadromous fishes 3.6 
Misc. marine fishes 3.2 
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Table B.2 U.S. climate data (Kottek et al., 2006) 
State Representing county Latitude Longitude Climate 
Alabama Dale County 31.233 -85.433 Temperate 
Alaska Kenai Peninsula Borough 60.467 -151.033 Snow 
Arizona Pima County 32.133 -110.95 Arid 
Arkansas Benton County 36.367 -94.1 Temperate 
California Modoc County 41.5 -120.533 Temperate 
Colorado Eagle County 39.65 -106.917 Snow 
Connecticut New Heaven County 41 -78.133 Snow 
Delaware Kent County 39.133 -75.467 Temperate 
Florida Miami-Dade County 25.817 -80.3 Equatorial 
Georgia Houston County 32.633 -83.6 Temperate 
Hawaii Maui County 20.9 -156.433 Equatorial 
Idaho Canyon County 43.633 -116.633 Arid 
Illinois Sangamon County 39.85 -89.683 Snow 
Indiana Dubois County 38.25 -86.95 Temperate 
Iowa Woodbury County 42.383 -96.383 Snow 
Kansas Barton County 38.35 -98.867 Temperate 
Kentucky Pulaski County 38 -84.6 Temperate 
Louisiana Iberia Parish 30.033 -91.833 Temperate 
Maine Hancock County 44.45 -68.367 Snow 
Maryland Wicomico County 38.333 -75.517 Temperate 
Massachusetts Barnstable County 42.067 -70 Temperate 
Michigan Delta County 45.75 -87 Snow 
Minnesota Freeborn County 43.683 -93.367 Snow 
Mississippi Adams County 31.617 -91.3 Temperate 
Missouri Butler County 36.767 -90.467 Temperate 
Montana Dawson County 47.133 -104.8 Arid 
Nebraska Lancaster County 42.8333 -103.083 Arid 
Nevada Clark County 36.083 -115.15 Arid 
New 
Hampshire 
Merrimack County 43.2 -71.5 Snow 
New Jersey Mercer County 40.283 -74.817 Temperate 
New Mexico Otero County 32.85 -106.1 Arid 
New York Jefferson County 44 -76.017 Snow 
North 
Carolina 
Mecklenburg County 35.217 -80.95 Temperate 
North Dakota Burleigh County 46.77 -100.77 Snow 
Ohio Cuyahoga County 41.4 -81.85 Snow 
Oklahoma Washita County 35.333 -99.2 Temperate 
Oregon Marion County 44.9 -123 Temperate 
Pennsylvania Lancaster County 40.117 -76.3 Temperate 
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Table B.2 (Continued)  
State Representing county Latitude Longitude Climate 
Rhode Island Kent County 41.717 -71.433 Temperate 
South 
Carolina 
Lexington County 33.95 -81.117 Temperate 
South Dakota Hughes County 44.383 -100.283 Cold 
Tennessee Shelby County 35.067 -89.983 Temperate 
Texas Cameron County 25.9 -97.433 Temperate 
Utah Millard County 39.333 -112.583 Arid 
Vermont Chittenden County 44.467 -73.15 Snow 
Virginia Roanoke County 37.317 -79.967 Temperate 
Washington Benton County 46.567 -119.6 Arid 
West Virginia Kanawha County 38.383 -81.583 Temperate 
Wisconsin Door County 44.85 -87,417 Snow 
Wyoming Natrona County 42.9 -106.467 Arid 
 
Table B.3 Equations used for calculation of monthly average sun hours 
# Category Symbol Equation 
(B.1) Solar declination δs 
23.45 * sin[360*284+n]/365] 
n = day number during year 
(B.2) Solar altitude angle α 
sin α = sin L sin δs + cos L cos δs cos hs 
L = latitude angle between the line from the center of 
the earth to the site and the equatorial plane 
hs = solar hour angle 
(B.3) Solar azimuth angle αs sin αs = cos δs sin hs / cos α 
(B.4) Solar zenith angle z 90 - α 
(B.5) Solar hour angle hs 
15 * hours from local solar noon or minutes from 
local solar noon / (4 min/degree) 
(B.6) Sunrise (as mins) hsr +cos-1(-tan L tan δs) * (4 min/degree) 
(B.7) Sunset (as mins) hss -cos-1(-tan L tan δs) * (4 min/degree) 
(B.8) Sun hour (as hours) sh (12 + hss * 0.01667) – (12 – hsr * 0.01667) 
(B.9) 
Equation of time (as mins) 
ET 9.87 sin 2 B – 7.53 cos B – 1.5 sin B 
(B.10) B 360(n-81)/364 degrees 
(B.11) Solar time (as mins) ST 
LST + ET + 4 * (Lst – Llocal) min/degree 
Lst = the standard time meridian 
Llocal = the local longitude 
(B.12) Local solar time (as mins) LST ST – ET – 4 * (Lst – Llocal) min/degree 
Note: 0.01667 = 1 hour/60 mins; Equations in the table were obtained from Principles of Solar Engineering, 2nd edition 
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Table B.4 Equations used for estimation of monthly average global solar insolation on a collector 
surface 
# Category Unit Symbol Equation 
(B.13) Incident angle degree i 
cos i = cos α cos (αs – αw) sin β + sin α cos β 
αw = collector azimuth angle 
β = collector tilt angle 
(B.14) 
Beam normal solar 
radiation 
W/m2 Ib,N 
Ib,N = Cn I e-k/sin α 
Cn = clearness number 
(B.15) 
Total instantaneous 
solar radiation on a 
horizontal surface 
W/m2 Ih 
Ih = Cn I e-k/sin α (C + sin α) 
C = sky diffuse factor 
(B.16) 
Instantaneous beam 
radiation 
W/m2 Ib,c Ib,c = Ib,N cos i 
(B.17) 
Diffuse radiation on the 
surface 
W/m2 Id,c 
Id,c = Id,h (1+ cos β)/2 
= C Ib,N * cos2 (β/2) 
β is 0 for a horizontal fixed collector 
(B.18) 
Ground reflected solar 
radiation 
W/m2 Ir,c 
Ir,c = Ih * ρ 
ρ is 0.2 for ordinary ground or grass 
(B.19) 
Solar radiation on a 
tilted surface 
W/m2 Ic Ic = Ib,c + Id,c + Ir,c 
Note: Equations in the table were obtained from Principles of Solar Engineering, 2nd edition 
 
Table B.5 Typical efficiencies and economic parameters of the most used solar photovoltaics and 
solar water heater systems 
System Solar PV References System Solar hot water References 
Type 
Mono-
crystalline 
Poly-
crystalline 
Thin-
film 
 Type Glazed  
Efficiency 
(%) 
18 15 9 
Fu et al. 
2017 
Efficiency 
(%) 
Varies by location 
(>70%) 
SRCC, 
2017 
Price  
($/Wdc) 
2.80 1.68 1.26 Price 
Independent: 
$10,758 
Dependent: 
$120/m2 
Medved et 
al. 2003 
Atia et al. 
2012 
Note: Prices for solar PV systems include module, inverter, balance of system hardware and soft costs. Independent price for 
solar hot water system includes pipelines and mounting.  
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Table B.6 Equations for cost estimation and useful lifetime for additional equipment for a solar 
photo-voltaic system and a solar hot water system 
Systems 
Additional 
equipment 
Equations for size 
Equations for cost 
(Y=USD in 2017, X1 
= kW, X2 = kWh, X3 
= HP and X4 = m3) 
Useful 
lifetime 
(years) 
References 
Solar 
PV 
Inverter* 
𝐸𝑑,𝑚𝑎𝑥 
𝑆ℎ𝑟 
× 𝑆𝐹 
Where Ed,max is the maximum electricity load over a year, Shr is the sun 
hours, and SF is the safety factor (1.3) 
Y = 634.17X10.7518, R2 
= 0.99 
20 
Fu et al. 2017; 
RACER, 2016 
Battery 
𝐸𝑑,𝑚𝑎𝑥 ×  𝑆𝐹 ×  𝑠𝑡𝑜𝑟𝑎𝑔𝑒 𝑑𝑎𝑦𝑠 (3) 
𝐵𝑎𝑡𝑡𝑒𝑟𝑦 𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 (0.75) ×  𝑑𝑒𝑝𝑡ℎ 𝑜𝑓 𝑑𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒 (0.7) 
 Y = 0.84X2 13 
Kolhe et al. 
2002 
Solar 
hot 
water 
Pump* 𝑃𝑢𝑚𝑝 (𝐻𝑃) =
𝑊𝑎𝑡𝑒𝑟 𝑓𝑙𝑜𝑤 𝑟𝑎𝑡𝑒 (𝑔𝑝𝑚)
𝑃𝑢𝑚𝑝 𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦
×
𝐻𝑒𝑎𝑑 (𝑓𝑡)
3960
 
Y = 0.0307X3,  
R2 = 0.90 
20 RACER, 2016 
Hot water 
storage tank* 
𝑇𝑎𝑛𝑘 (𝑔𝑎𝑙) = 1.5 × 𝑠𝑖𝑧𝑒 𝑜𝑓 𝑡ℎ𝑒𝑟𝑚𝑎𝑙 𝑐𝑜𝑙𝑙𝑒𝑐𝑡𝑜𝑟 (𝑓𝑡2) 
Y = 61.916X40.6046, R2 
= 0.99 
20 RACER, 2016 
Note: The equations for items with * were derived using the relationship between cost and capacity data available in RACER, 
2016; PV: photo-voltaic. 
 
Table B.7 Experimental results and assumptions used for anaerobic digestion with fish wastes 
Parameters Assumptions 
Density of fish waste* 0.2 kg/L fish waste 
Total solid % in fish waste** 3% 
Volatile solid % in total solid** 43% 
Soluble COD** 2.1 g COD/L fish waste 
SRT** 20 days 
Reactor type** Semi-continuous mixed flow reactor 
Methane yield** 
0.57 L CH4/g COD added at 35 °C 
0.35 L CH4/g COD added at 22 °C 
Data sources: * from Sharrer et al. 2009 and ** from Kim et al. 2015 
 
Table B.8 Equations for cost estimation and useful lifetime for generator, boiler, and digester 
Equipment Types Equations for size 
Equations for cost* 
(Y=USD in 2017, X1 = kW, 
X2 = MJ/d and X3 = m3) 
Useful 
lifetime 
(years) 
Generator 
Gas-powered 
Ed,max × SF
24 × ηgen
 
Where Ed,max is the maximum electricity load 
over a year, 24 is the operation hours, and SF 
is the safety factor (1.3), ηgen is the 
efficiencies of generators with various fuels 
Y = 86.187X11.4082,  
R2 = 0.97 
13 
Oil-powered 
Y = 282.11X11.07,  
R2 = 0.93 
13 
Boiler 
Electric Hd,max × SF
24 × ηheat
 
Where Hd,max is the maximum heat load over a 
year, ηheat is the efficiencies of heaters with 
various fuels 
Y = 98.457X11.121,  
R2 = 0.97 
15 
Gas-fired 
Y = 2.7999X20.8715,  
R2 = 0.99 
15 
Oil-fired 
Y = 9.338X20.6714,  
R2 = 0.99 
15 
Digestion 
reactor 
XLPE tank 
SAD =  SRT × Q 
Where SAD is the size of the main reactor (m3) 
 
Main reactor = 0.67 ×
storage and gassing reactor  
 
Y = 681.51X30.5834,  
R2 = 0.94 
20 
Note: The equations* were derived using the relationship between cost and capacity data available in RACER, 2016. 
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Table B.9 Conversion factors for environmental impacts 
Items 
Databas
e - 
Sector 
Sector Unit 
Ozone 
depleti
on 
Globa
l 
warmi
ng 
Smog 
Acidi
ficati
on 
Eutroph
ication 
Carcin
ogenic
s 
Non 
carci
noge
nics 
Respirat
ory 
effects 
Ecotox
icity 
Fossil 
fuel 
depleti
on Notes 
kg 
CFC-
11eq 
kg 
CO2eq 
kg O3eq 
kg 
SO2e
q 
kg Neq CTUh 
CTU
h 
kg 
PM2.5 
eq 
CTUe 
MJ 
surplus 
Materials and manufacture 
Photo
voltai
c 
panel, 
single
-Si 
EcoInve
nt  
Databas
e 
Electron
ics 
m2 
4.59E-
05 
3.20E
+02 
1.84E+0
1 
2.03E
+00 
2.09E+0
0 
2.86E-
05 
1.39E
-04 
4.26E-
01 
2.77E+
03 
2.78E+
02 
Photovoltaic panel, 
single-Si wafer 
{GLO}| market  
Photo
voltai
c 
panel, 
multi-
Si 
EcoInve
nt  
Databas
e 
Electron
ics 
m2 
4.46E-
05 
2.68E
+02 
1.52E+0
1 
1.66E
+00 
1.91E+0
0 
2.67E-
05 
1.31E
-04 
3.53E-
01 
2.59E+
03 
2.48E+
02 
Photovoltaic panel, 
multi-Si wafer {GLO}| 
market  
Photo
voltai
c 
panel, 
CIS 
EcoInve
nt  
Databas
e 
Electron
ics 
m2 
4.82E-
06 
1.61E
+02 
8.50E+0
0 
9.24E
-01 
5.74E-
01 
1.62E-
05 
6.23E
-05 
1.53E-
01 
1.62E+
03 
8.82E+
01 
Photovoltaic panel, 
CIS {GLO}| market  
Invert
er 
EcoInve
nt  
Databas
e 
Electron
ics 
kW 
5.43E-
06 
5.68E
+01 
4.17E+0
0 
4.74E
-01 
5.80E-
01 
1.06E-
05 
1.21E
-04 
6.46E-
02 
3.18E+
03 
5.31E+
01 
Inverter, 0.5kW 
{GLO}| market  
Batter
y 
USA 
Input 
Output 
Databas
e 
Input 
Output 
US
D 
1.29E-
06 
7.38E
-01 
9.67E-
03 
6.27E
-04 
5.80E-
05 
2.87E-
07 
1.49E
-05 
2.44E-
05 
5.91E+
01 
7.15E-
01 
11. 1 V, 1.9 kg 
25.2 Ah  
Storage battery 
manufacturing 
Gener
ator 
EcoInve
nt  
Databas
e 
Energy kW 
1.00E-
06 
17.11
974 
2.32575
4 
0.868
927 
1.93187
4 
2.03E-
05 
0.000
444 
0.09039
6 
9135.2
44 
26.682
46 
Generator, 200kW 
electrical {GLO}| 
market  
Diesel
, 
produ
ction 
US LCI Energy gal 
4.92E-
10 
1.70E
+00 
2.60E-
01 
2.27E
-02 
1.01E-
03 
1.77E-
07 
1.70E
-06 
5.09E-
04 
3.29E+
01 
2.32E+
01 
Diesel, at refinery/l/US 
Natur
al gas, 
produ
ction 
EcoInve
nt  
Databas
e 
Energy ft3 
8.37E-
11 
6.56E
-03 
1.80E-
04 
1.63E
-04 
4.03E-
06 
5.07E-
11 
1.61E
-10 
1.01E-
05 
3.15E-
03 
9.15E-
03 
Sweetening, natural 
gas {GLO}| market  
Propa
ne, 
produ
ction 
US LCI Energy gal 
3.07E-
10 
1.06E
+00 
1.62E-
01 
1.42E
-02 
6.32E-
04 
1.10E-
07 
1.06E
-06 
3.18E-
04 
2.05E+
01 
1.45E+
01 
Liquefied petroleum 
gas, at refinery/l/US 
Electri
city, 
produ
ction 
USLCI Energy 
kW
h 
6.69E-
12 
5.58E
-01 
2.97E-
02 
4.81E
-03 
6.12E-
05 
1.22E-
09 
1.96E
-08 
2.54E-
04 
3.37E-
01 
5.93E-
01 
 
Flat 
plate 
solar 
collect
or, hot 
water 
EcoInve
nt  
Databas
e 
Energy m2 
7.94E-
06 
1.35E
+02 
1.26E+0
1 
2.81E
+00 
4.93E+0
0 
6.56E-
05 
1.05E
-03 
3.77E-
01 
2.24E+
04 
1.43E+
02 
Flat plate solar 
collector, Cu absorber 
{GLO}| market  
Heat 
storag
e tank 
EcoInve
nt  
Databas
e 
Energy 
Lite
r 
3.52E-
08 
6.39E
-01 
3.81E-
02 
2.84E
-03 
9.33E-
03 
2.60E-
07 
1.76E
-07 
1.13E-
03 
7.87E+
00 
5.93E-
01 
Heat storage, 2000l 
{GLO}| market  
Pump. 
5 kW 
EcoInve
nt  
Databas
e 
Energy p 
6.09E-
08 
1.14E
+00 
1.10E-
01 
2.53E
-02 
5.72E-
02 
1.02E-
06 
1.14E
-05 
4.23E-
03 
2.41E+
02 
1.17E+
00 
Pump, 40W {GLO}| 
market  
Solar 
water 
heater
, 
suppo
rting 
materi
als 
EcoInve
nt  
Databas
e 
Material 
kg/
m2 
coll
ecto
r 
1.12E-
06 
2.65E
+01 
1.72E+0
0 
1.33E
-01 
1.30E-
01 
2.51E-
05 
2.96E
-05 
4.58E-
02 
7.73E+
02 
1.53E+
01 
Steel, chromium steel 
18/8 {GLO} (0.23 
kg/m2) and Steel, low-
alloyed {GLO} (12.7 
kg/m2)  
Solar 
water 
heater
, 
fluids 
(propy
lene 
glycol
) 
EcoInve
nt  
Databas
e 
Material 
kg/
m2 
coll
ecto
r 
1.63E-
06 
4.66E
+00 
3.27E-
01 
2.71E
-02 
2.98E-
02 
2.21E-
07 
1.67E
-06 
3.86E-
03 
3.53E+
01 
8.39E+
00 
Propylene glycol, 
liquid {GLO}l market  
Gas 
boiler 
EcoInve
nt  
Databas
e 
Energy kW 
3.37E-
06 
6.56E
+01 
4.20E+0
0 
6.71E
-01 
1.52E+0
0 
2.67E-
05 
2.15E
-04 
1.27E-
01 
4.60E+
03 
6.57E+
01 
Gas boiler {GLO}| 
market 
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Table B.9 (Continued)  
Items 
Database 
- Sector 
Sector Unit 
Ozone 
depleti
on 
Global 
warmi
ng 
Smog 
Acidifi
cation 
Eutrop
hicatio
n 
Carcin
ogenic
s 
Non 
carcino
genics 
Respir
atory 
effects 
Ecotox
icity 
Fossil 
fuel 
depleti
on Notes 
kg 
CFC-
11eq 
kg 
CO2eq 
kg 
O3eq 
kg 
SO2eq 
kg Neq CTUh CTUh 
kg 
PM2.5 
eq 
CTUe 
MJ 
surplus 
Materials and manufacture 
Oil boiler 
EcoInvent  
Database 
Energy kW 
3.37E-
06 
6.56E+
01 
4.20E+
00 
6.71E-
01 
1.52E+
00 
2.67E-
05 
2.15E-
04 
1.27E-
01 
4.60E+
03 
6.57E+
01 
Oil boiler, 
10kW {GLO}| 
market  
Electric 
heater 
EcoInvent  
Database 
Energy kW 
7.58E-
08 
1.42E+
00 
9.37E-
02 
9.30E-
03 
2.04E-
02 
8.21E-
07 
2.42E-
06 
3.54E-
03 
9.86E+
01 
1.53E+
00 
Auxiliary 
heating unit, 
electric, 5kW 
{GLO}| 
market  
XLPE, 
digestion 
reactor 
EcoInvent  
Database 
Material kg 
1.01E-
08 
2.04E+
00 
9.90E-
02 
7.18E-
03 
5.97E-
04 
6.67E-
08 
4.79E-
08 
5.68E-
04 
4.09E+
00 
9.64E+
00 
1 kg 
Polyethylene, 
high density, 
granulate 
{GLO}| 
market  
Use 
Electricity 
- eGrid 
subregion 
EcoInvent  
Database 
Energy kWh 
3.30E-
08 
6.00E-
01 
3.50E-
02 
2.10E-
03 
2.90E-
03 
3.60E-
08 
1.30E-
07 
1.20E-
04 
3.60E+
00 
1.10E-
01 
Electricity 
production, 
transmission, 
and/or 
distribution 
Diesel, 
combuste
d in 
generator 
US LCI 
Electrici
ty 
gal 
0.00E+
00 
1.00E+
01 
5.00E+
00 
1.40E-
01 
8.90E-
03 
1.10E-
09 
4.30E-
09 
1.50E-
03 
3.00E-
03 
0.00E+
00 
Data adjusted 
from Diesel, 
combusted in 
industrial 
equipment/US 
(US LCI) 
Natural 
gas, 
combuste
d in 
generator 
US LCI 
Electrici
ty 
ft3 
0.00E+
00 
5.60E-
02 
1.20E-
03 
3.30E-
05 
2.10E-
06 
4.40E-
12 
2.30E-
12 
1.00E-
06 
9.20E-
06 
0.00E+
00 
Data adjusted 
from Natural 
gas, 
combusted in 
industrial 
equipment/RN
A (US LCI) 
Propane, 
combuste
d in 
generator 
and boiler 
US LCI 
Electrici
ty and 
Heat 
gal 
0.00E+
00 
6.70E+
00 
2.50E-
01 
6.90E-
03 
4.40E-
04 
0.00E+
00 
0.00E+
00 
1.40E-
04 
0.00E+
00 
0.00E+
00 
Data adjusted 
from Liquefied 
petroleum gas, 
combusted in 
industrial 
boiler/US (US 
LCI) 
Diesel, 
combuste
d in boiler 
US LCI Heat gal 
0.00E+
00 
1.00E+
01 
2.70E-
01 
1.00E-
02 
4.80E-
04 
2.10E-
09 
1.90E-
07 
1.80E-
04 
3.60E-
02 
0.00E+
00 
Data adjusted 
from Diesel, 
combusted in 
industrial 
boiler/US (US 
LCI) 
Natural 
gas, 
combuste
d in boiler 
US LCI Heat ft3 
0.00E+
00 
5.60E-
02 
1.20E-
03 
3.30E-
05 
2.10E-
06 
2.90E-
12 
1.30E-
10 
1.10E-
06 
2.50E-
05 
0.00E+
00 
Data adjusted 
from Natural 
gas, 
combusted in 
industrial 
boiler/US 
Methane, 
anaerobic 
digestion, 
combuste
d in boiler 
Literature Heat MJ 
0.00E+
00 
1.33E-
03 
4.46E-
03 
1.27E-
04 
7.97E-
06 
0.00E+
00 
0.00E+
00 
8.19E-
06 
0.00E+
00 
0.00E+
00 
Data for 
conversion 
factors were 
obtained from 
Lansche, & 
Müller (2017) 
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Table B.9 (Continued)  
Items 
Databas
e - 
Sector 
Sector Unit 
Ozone 
depleti
on 
Global 
warmi
ng 
Smog 
Acidifi
cation 
Eutrop
hicatio
n 
Carcin
ogenic
s 
Non 
carcino
genics 
Respir
atory 
effects 
Ecotox
icity 
Fossil 
fuel 
depleti
on 
Notes 
kg 
CFC-
11eq 
kg 
CO2eq 
kg 
O3eq 
kg 
SO2eq 
kg Neq CTUh CTUh 
kg 
PM2.5 
eq 
CTUe 
MJ 
surplus 
 
Transportation 
Transpo
rt, 
combina
tion 
truck, 
diesel 
powered
/US 
EcoInve
nt  
Databas
e 
Transpo
rt 
tkm 
3.54E-
12 
9.27E-
02 
1.52E-
02 
5.54E-
04 
3.09E-
05 
1.27E-
09 
1.22E-
08 
9.64E-
06 
2.37E-
01 
1.67E-
01 
Transport, 
combination 
truck, diesel 
powered/US 
Electricity production by NERC regions (eGrid subregion) - PRODUCTION 
ASCC 
EcoInve
nt  
Databas
e 
Energy kWh 
8.20E-
12 
6.83E-
01 
2.29E-
02 
4.91E-
03 
6.70E-
05 
4.10E-
09 
4.72E-
08 
2.64E-
04 
9.88E-
01 
1.30E+
00 
Electricity, at 
Grid, ASCC, 
2008/RNA U 
FRCC 
EcoInve
nt  
Databas
e 
Energy kWh 
8.15E-
12 
6.84E-
01 
3.11E-
02 
5.71E-
03 
7.20E-
05 
2.25E-
09 
3.10E-
08 
3.03E-
04 
5.99E-
01 
9.40E-
01 
Electricity, at 
eGrid, FRCC, 
2008/RNA U 
HICC 
EcoInve
nt  
Databas
e 
Energy kWh 
2.99E-
11 
8.41E-
01 
4.32E-
02 
3.89E-
03 
1.07E-
04 
1.00E-
08 
1.00E-
07 
1.08E-
04 
1.84E+
00 
1.30E+
00 
Electricity, at 
Grid, HICC, 
2008/RNA U 
MRO 
EcoInve
nt  
Databas
e 
Energy kWh 
1.62E-
11 
8.10E-
01 
5.81E-
02 
7.42E-
03 
1.04E-
04 
7.86E-
10 
2.05E-
08 
3.28E-
04 
1.13E-
01 
2.02E-
01 
Electricity, at 
Grid, MRO, 
2008/RNA U 
NPCC 
EcoInve
nt  
Databas
e 
Energy kWh 
5.91E-
12 
4.38E-
01 
2.20E-
02 
3.69E-
03 
4.57E-
05 
1.58E-
09 
2.11E-
08 
1.99E-
04 
4.34E-
01 
6.75E-
01 
Electricity, at 
Grid, NPCC, 
2008/RNA U 
RFC 
EcoInve
nt  
Databas
e 
Energy kWh 
1.43E-
11 
7.42E-
01 
5.06E-
02 
6.44E-
03 
9.28E-
05 
7.54E-
10 
1.80E-
08 
3.17E-
04 
1.36E-
01 
2.29E-
01 
Electricity, at 
Grid, RFC, 
2008/RNA U 
SERC 
EcoInve
nt  
Databas
e 
Energy kWh 
1.29E-
11 
7.14E-
01 
4.72E-
02 
6.21E-
03 
8.73E-
05 
9.08E-
10 
1.90E-
08 
3.09E-
04 
1.95E-
01 
3.33E-
01 
Electricity, at 
Grid, SERC, 
2008/RNA U 
SPP 
EcoInve
nt  
Databas
e 
Energy kWh 
1.24E-
11 
8.53E-
01 
5.09E-
02 
7.49E-
03 
1.00E-
04 
1.38E-
09 
2.58E-
08 
3.71E-
04 
3.32E-
01 
5.97E-
01 
Electricity, at 
Grid, SPP, 
2008/RNA U 
WECC 
EcoInve
nt  
Databas
e 
Energy kWh 
6.69E-
12 
5.58E-
01 
2.97E-
02 
4.81E-
03 
6.12E-
05 
1.22E-
09 
1.96E-
08 
2.54E-
04 
3.37E-
01 
5.93E-
01 
Electricity, at 
Grid, WECC, 
2008/RNA U 
TRE 
EcoInve
nt  
Databas
e 
Energy kWh 
8.95E-
12 
7.30E-
01 
3.57E-
02 
6.65E-
03 
7.97E-
05 
1.79E-
09 
2.89E-
08 
3.22E-
04 
4.99E-
01 
8.77E-
01 
Electricity, at 
Grid, TRE, 
2008/RNA U 
Electricity use by NERC regions (eGrid subregion) - USE 
ASCC 
EcoInve
nt  
Databas
e 
Energy kWh 
1.08E-
08 
4.52E-
01 
2.64E-
02 
1.61E-
03 
2.20E-
03 
2.74E-
08 
9.80E-
08 
9.18E-
05 
2.69E+
00 
8.51E-
02 
Electricity, 
medium voltage 
{ASCC}| market  
FRCC 
EcoInve
nt  
Databas
e 
Energy kWh 
5.80E-
08 
6.57E-
01 
4.11E-
02 
3.37E-
03 
2.45E-
03 
3.07E-
08 
1.21E-
07 
1.87E-
04 
2.98E+
00 
9.44E-
02 
Electricity, 
medium voltage 
{FRCC}| market  
HICC 
EcoInve
nt  
Databas
e 
Energy kWh 
2.49E-
08 
9.19E-
01 
5.66E-
02 
4.93E-
03 
3.83E-
03 
4.72E-
08 
1.66E-
07 
2.81E-
04 
4.88E+
00 
1.54E-
01 
Electricity, 
medium voltage 
{HICC}| market  
MRO 
EcoInve
nt  
Databas
e 
Energy kWh 
4.17E-
08 
1.18E+
00 
7.20E-
02 
5.80E-
03 
5.73E-
03 
7.02E-
08 
2.47E-
07 
3.20E-
04 
6.74E+
00 
2.19E-
01 
Electricity, 
medium voltage 
{MRO, US 
only}| market 
NPCC 
EcoInve
nt  
Databas
e 
Energy kWh 
7.10E-
08 
2.48E-
01 
1.05E-
02 
1.62E-
03 
1.01E-
03 
1.42E-
08 
7.63E-
08 
1.20E-
04 
1.68E+
00 
4.32E-
02 
Electricity, 
medium voltage 
{NPCC, US 
only}| market  
RFC 
EcoInve
nt  
Databas
e 
Energy kWh 
5.46E-
08 
7.90E-
01 
4.12E-
02 
6.25E-
03 
2.90E-
03 
3.63E-
08 
1.49E-
07 
3.68E-
04 
3.47E+
00 
1.12E-
01 
Electricity, 
medium voltage 
{RFC}| market  
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Table B.9 (Continued) 
Items 
Databas
e - 
Sector 
Sector Unit 
Ozone 
depleti
on 
Global 
warmi
ng 
Smog 
Acidifi
cation 
Eutrop
hicatio
n 
Carcin
ogenic
s 
Non 
carcino
genics 
Respir
atory 
effects 
Ecotox
icity 
Fossil 
fuel 
depleti
on Notes 
kg 
CFC-
11eq 
kg 
CO2eq 
kg 
O3eq 
kg 
SO2eq 
kg Neq CTUh CTUh 
kg 
PM2.5 
eq 
CTUe 
MJ 
surplus 
Electricity use by NERC regions (eGrid subregion) - USE 
SERC 
EcoInve
nt  
Databas
e 
Energy kWh 
5.59E-
08 
7.58E-
01 
3.68E-
02 
4.95E-
03 
3.14E-
03 
3.92E-
08 
1.52E-
07 
2.96E-
04 
3.71E+
00 
1.21E-
01 
Electricity, 
medium voltage 
{SERC}| market  
SPP 
EcoInve
nt  
Databas
e 
Energy kWh 
3.62E-
08 
1.24E+
00 
6.58E-
02 
5.72E-
03 
5.07E-
03 
6.21E-
08 
2.18E-
07 
3.18E-
04 
5.94E+
00 
1.94E-
01 
Electricity, 
medium voltage 
{SPP}| market  
WECC 
EcoInve
nt  
Databas
e 
Energy kWh 
3.26E-
08 
5.96E-
01 
3.46E-
02 
2.10E-
03 
2.90E-
03 
3.63E-
08 
1.32E-
07 
1.21E-
04 
3.63E+
00 
1.15E-
01 
Electricity, 
medium voltage 
{WECC, US 
only}| market  
TRE 
EcoInve
nt  
Databas
e 
Energy kWh 
4.76E-
08 
8.36E-
01 
2.58E-
02 
2.98E-
03 
4.01E-
03 
5.03E-
08 
1.87E-
07 
1.96E-
04 
5.07E+
00 
1.57E-
01 
Electricity, 
medium voltage 
{TRE}| market  
 
Table B.10 Local energy prices in the U.S. 
State 
Energy prices 
Electricity 
(cent/kWh) 
Natural gas 
(USD/1000 ft3) 
Propane  
(USD/gallon) 
Diesel 
(USD/gallon) 
Alabama 6.24 4.28 0.597 2.41 
Alaska 16.77 6.68 0.672 2.848 
Arizona 6.8 6.34 0.672 2.848 
Arkansas 5.85 6.53 0.72 2.41 
California 12.2 7.11 0.672 2.848 
Colorado 7.15 5.64 0.67 2.673 
Connecticut 13.27 6.45 0.733 2.618 
Delaware 7.83 9.8 0.783 2.751 
Florida 7.71 6.07 0.663 2.514 
Georgia 5.59 4.7 0.609 2.514 
Hawaii 22.39 17.75 0.672 2.848 
Idaho 6.57 4.48 0.67 2.673 
Illinois 6.48 6.73 0.63 2.543 
Indiana 7.42 6.29 0.743 2.543 
Iowa 5.46 5.13 0.626 2.543 
Kansas 7.77 4.66 0.595 2.543 
Kentucky 5.51 4.48 0.737 2.543 
Louisiana 5.29 4.69 0.641 2.41 
Maine 9.19 6.61 0.733 2.618 
Maryland 8.44 8.68 0.785 2.751 
Massachusetts 13.09 8.86 0.733 2.618 
Michigan 7.47 6.48 0.661 2.543 
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Table B.10 (Continued) 
State 
Energy prices 
Electricity 
(cent/kWh) 
Natural gas 
(USD/1000 ft3) 
Propane  
(USD/gallon) 
Diesel 
(USD/gallon) 
Minnesota 7.68 4.12 0.623 2.543 
Mississippi 5.93 5.1 0.583 2.41 
Missouri 7.23 6.28 0.637 2.543 
Montana 5 6.17 0.67 2.673 
Nebraska 7.24 4.3 0.609 2.543 
Nevada 5.18 5.14 0.672 2.848 
New Hampshire 11.95 7.98 0.672 2.618 
New Jersey 10.19 7.67 0.821 2.751 
New Mexico 6.04 4.11 0.641 2.41 
New York 6.23 7.1 0.796 2.751 
North Carolina 5.72 6.09 0.636 2.514 
North Dakota 8.62 2.8 0.645 2.543 
Ohio 6.67 5.1 0.704 2.543 
Oklahoma 5.34 7.65 0.603 2.543 
Oregon 6.05 5.41 0.672 2.848 
Pennsylvania 6.67 8.78 0.759 2.751 
Rhode Island 14.09 8.55 0.733 2.618 
South Carolina 5.98 4.78 0.663 2.514 
South Dakota 7.75 5.3 0.625 2.543 
Tennessee 5.74 4.95 0.645 2.543 
Texas 5.66 3.37 0.678 2.41 
Utah 6.51 5.14 0.67 2.673 
Vermont 9.92 4.78 0.733 2.618 
Virginia 6.57 4.79 0.785 2.514 
Washington 4.61 7.52 0.672 2.848 
West Virginia 6.72 1.99 0.663 2.514 
Wisconsin 7.73 4.68 0.648 2.543 
Wyoming 7.2 3.96 0.67 2.673 
Note: Information on local energy prices and incentives for renewables are obtained from U.S. Energy Information 
Administration (EIA) as of May in 2017. 
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Table B.11 Local incentive availabilities for renewables in aquaculture 
States 
Renewable systems 
Solar Photo-voltaic Solar hot water Anaerobic digestion 
PBI 
($/kWh) 
Rebate 
($/Unit) 
Programs 
PBI 
($/kWh) 
Rebate 
($/Unit) 
Program
s 
PBI 
($/kWh) 
Rebate 
($/Unit) 
Programs 
AL 0.02 1000 
PBI; TVA - 
Green Power 
Providers 
Eligible System 
Size: 0.5kW - 
50MW 
      
AK 1.5 
 
PBI; Gloden 
Valley Electric 
Association - 
Sustainable 
Natural 
Alternative 
Power (SNAP) 
Program 
Eligible System 
Size: 25 kW or 
less 
      
AR 
         
CA 
         
CO 0.3825 
 
Feed-in Tariff; 
LADWP - Feed-
in Tariff (FiT) 
Program 
Eligible System 
Size: 30kW-DC 
to 3 MW-DC 
      
CT 
         
FL 
         
GA 
         
HI 0.05 
 
PBI; Orlando 
Utilities 
Commission 
0.03 1000 
PBI; 
Orlando 
Utilities 
Commiss
ion 
   
ID 0.02 1000 
PBI; TVA - 
Green Power 
Providers 
Eligible System 
Size: 0.5kW - 
50MW 
      
IL 0.22  
Feed-in Tariff; 
Hawaii Feed-in 
Tariff 
Eligible System 
Size: up to 20 
kW 
0.27  
Feed-in 
Tariff; 
Hawaii 
Feed-in 
Tariff 
Eligible 
System 
Size: up 
to 20 kW 
   
IN          
KS          
KY          
LA          
MA          
MD 0.02 1000 
PBI; TVA - 
Green Power 
Providers 
Eligible System 
Size: 0.5kW - 
50MW 
      
ME          
MI          
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Table B.11 (Continued) 
State
s 
Renewable systems 
Solar Photo-voltaic Solar hot water Anaerobic digestion 
PBI 
($/kWh) 
Rebate 
($/Unit) 
Programs 
PBI 
($/kWh) 
Rebate 
($/Unit) 
Programs 
PBI 
($/kWh) 
Rebate 
($/Unit) 
Programs 
MN 
         
MO 
         
MS 
         
NC 0.13 
 
PBI; Made in 
Minnesota Solar PV 
Incentive Program 
For 10 years 
Eligible System Size: 
up to 40 kW -DC 
 
$15/ft2 
net 
apertur
e 
Rebate; Austin 
Utilities - Solar 
Rebate Program 
0.015 
 
PBI; 
Renewable 
Energy 
Production 
Incentive 
NE 0.02 1000 
PBI; TVA - Green 
Power Providers 
Eligible System Size: 
0.5kW - 50MW 
      
NJ 
         
NY 
         
OH 
         
OK 
         
OR          
PA        
30% of 
initial 
cost 
Rebate; New 
Jersey 
Renewable 
Energy 
Incentive 
Program 
(Sustainable 
Biopower) 
RI 0.0025  
PBI; PNM - 
Performance-Based 
Solar Program 
Eligible System Size: 
up to 100 kW (AC) 
0.0025  
PBI; PNM - 
Performance-
Based Solar 
Program 
Eligible System 
Size: up to 100 
kW (AC) 
   
SC          
TN 0.06  
PBI; NC GreenPower 
Production Incentive 
For 5 years 
Eligible System Size: a 
maximum of 5 kW for 
expedited process 
      
TX          
UT          
VA          
WA 0.005  
PBI; Utility Scale 
Solar Incentive 
Program 
Eligible System Size: 2 
MW - 10 MW 
      
WI          
WV 0.23  
PBI; Renewable 
Energy Growth 
Program 
For 20 years 
Eligible System Size: 
26 kW-DC to 250 kW-
DC 
   0.2  
PBI; 
Renewable 
Energy 
Growth 
Program 
For 20 years 
Eligible 
System Size: 
150 kW - 
1000 kW 
AL          
AK          
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Table B.11 (Continued)  
States 
Renewable systems 
Solar Photo-voltaic Solar hot water Anaerobic digestion 
PBI 
($/kWh) 
Rebate 
($/Unit) 
Programs 
PBI 
($/kWh) 
Rebate 
($/Unit) 
Programs 
PBI 
($/kWh) 
Rebate 
($/Unit) 
Program
s 
AR 0.02 1000 
PBI; TVA 
- Green 
Power 
Providers 
Eligible 
System 
Size: 
0.5kW - 
50MW 
      
CA 0.053 
 
PBI; GMP 
Solar 
Power 
Eligible 
System 
Size: up to 
500 kW 
      
CO 
         
CT 
         
FL 0.02 1000 
PBI; TVA 
- Green 
Power 
Providers 
Eligible 
System 
Size: 
0.5kW - 
50MW 
      
GA 0.09 
 
PBI; 
Chelan 
County 
PUD - 
Sustainabl
e Natural 
Alternative 
Power 
Producers 
Program 
      
HI          
ID 0.25  
PBI; 
Madison 
Gas & 
Electric - 
Clean 
Power 
Partner 
Solar 
Buyback 
Program 
Eligible 
System 
Size: 1 
kW-DC t0 
10 kW-DC 
      
IL          
Source: Database of State Incentives for Renewables and Efficiency (DSIRE) 
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APPENDIX C: TASK 3 
C.1 Assumptions  
C.1.1 A Stocking Density for a Recirculating Aquaculture System 
An ideal stocking density depends on species as well as culture technology. Also, the effect of 
stocking density on growth, Food Conversion Ratio (FCR), survival rates, has been widely studied. In our 
study, the average stocking density for the RAS was used to calculate the required water volume, the size 
of water storage tank, and the heating amounts. The average stocking density of 100 kg trout m3 for the 
RAS in optimal conditions was obtained from d’Orbcastel et al. (2009) and cited in the paper. Also, the 
density of 100 kg tilapia culture/m3 in a RAS is considered as intensive (Soltan, 2016). Thus, the stocking 
density of 100 kg tilapia/m3 for an intensive RAS was assumed in our study. 
 
C.1.2 Heat Requirement 
When a solar water heater is initially installed, it would take several hours to increase water 
temperature in the main fish tank to the target water temperature depending on its initial water 
temperature (time delay effect). Figure C.1 shows the time required for water temperature of the main fish 
tank to reach the target water temperature with different initial water temperature (corresponding to 
different months of the year). Depending on the month of the solar water heater installation, heat 
requirements for the main fish tank to reach to the target water temperature will be different. For instance, 
if a solar water heater is installed in July, the effect of time delay is relatively less than the effect of time 
delay when a solar water heater is installed in December. However, as can be seen in Figure C.1, the 
maximum time delay is about 18 hours, less than a day (negligible comparing with a 10-years lifespan of 
the solar water heater). Therefore, the difference in heat energy requirements due to the time delay effect 
is negligible (<0.001%).
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Figure C.1 Simulated water temperature increment using a solar water heater during a day 
 
Thus, monthly heat requirements were calculated by assuming that the water temperature of the 
main fish tank can immediately reach the target water temperature using hot water from the solar water 
heater (i.e. no time delay effect was considered). Since all heat losses were assumed to be covered by the 
backup heater, the water temperature in the main fish tank would be kept constant once it reaches the 
target temperature.  
 
C.2 Equations Used for Heat Loss Estimation in Indoor and Outdoor Aquaculture Systems 
For heat loss in the indoor aquaculture system,                                             
                                       𝑄𝑐𝑑 =  𝑈𝑝𝑤𝐴𝑤𝑎(𝑇𝑤 − 𝑇𝑎) ×  10
−3                                                      (C.1) 
where Qcd is the heat loss by conduction through the side surface of the fish tank (kW), Upw is the overall 
wall heat transfer coefficient (W/m2-˚C), Awa is the overall fish tank wall surface area (m2), Tw and Ta are 
the water temperature of fish tank and the designed room temperature (°C), respectively. Upw was 
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assumed to be 0.7 considering 300 nm (12 in) thick wall with insulation (Tchobanoglous et al., 2003), and 
Ta was assumed to be 20 °C. 
                                       𝑊 = (4.08 + 4.28𝑣) ×  (𝑃𝑤 − 𝑃𝑎)/𝑌                                                 (C.2) 
                                     𝑄𝑒 = 𝑊 ×  𝑆𝑢𝑟𝑓𝑎𝑐𝑒 𝑎𝑟𝑒𝑎 ×  𝑌/3600                                                 (C.3) 
where Qe is the heat loss by water evaporation (kW), W is the rate of evaporation from the fish tank 
(kg/m2-h), 𝑣 is ambient air speed (m/s), Pw is saturation vapor pressure at the surface water temperature 
(kPa), Pa is saturation vapor pressure at dew point air temperature (kPa), Y is latent heat of evaporation at 
water temperature of the fish tank (kJ/kg). Indoor air speed and dew point temperatures were assumed to 
be 0.3 m/s (Chow et al. 2012). Dew point air temperatures were estimated as following (Wanielista et al. 
1997):  
                                     𝑇𝑑 = (𝑓/100)
(1 8⁄ )  × (112 + 0.9𝑇𝑎) + 0.1𝑇𝑎 − 112                                 
(C.4) 
where Td is the dew point air temperature (°C) and 𝑓 is the relative humidity (%). 
                                            ℎ𝑐 = 2.8 + 3.0 𝑣                                                                 (C.5) 
                                  𝑄𝑐𝑣 = 𝐴 ℎ𝑐  (𝑇𝑤,𝑘 − 𝑇𝑎,𝑘) ×  10
−3                                               (C.6) 
where Qcv is the heat loss by convection at water surface (kW), hc is the convective heat transfer 
coefficient (W/m2-K), and A is an area of the fish tank (m2). Tw,k and Ta,k are the temperature of fish tank 
and the designed room temperature in Kelvin (K). 
                                             𝑄𝑟𝑎𝑑 = 𝐴𝜖𝜎(𝑇𝑤,𝑘
4 − 𝑇𝑤𝑎
4 )                                                  (C.7) 
where Qrad is the heat loss by long-wave radiation exchange (kW), 𝜖 is the surface water emissivity, 𝜎 is 
the Stefan-Boltzmann constant (56.7 x 10-12 kW/m2-K4), and. Twa is the building wall temperature (K), 
which was assumed to be close to the designed room temperature (293.15 K).  
For the outdoor aquaculture system, Qrad is the heat loss via infrared radiation exchange with the 
sky (kW) and Qs is the rate of solar heat gain (kW) given by:  
                                               𝑄𝑟𝑎𝑑 = 𝐴𝜖𝜎(𝑇𝑤,𝑘
4 − 𝑇𝑠
4)                                                  (C.8) 
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where Ts is sky temperature (K).  
                                                                    𝑄𝑠 = 𝐴𝛼𝑤𝐼ℎ                                                            (C.9) 
where 𝛼𝑤 is the absorption coefficient (0.85) and Ih is the global solar radiation on the horizontal surface 
(kW/m2). For outdoor aquaculture systems, ambient air and dew point temperatures for Qe and wind 
velocity for Qe and Qcv were obtained from the Typical Meteorological Year (TMY) data.  
 
Table C.1 Geographical information for selected locations 
State County Latitude Longitude 
FL 
Hillsborough 27.9904 N 82.3018 W 
Volusia 29.028 N 81.0755 W 
Brevard 28.2639 N 80.7214 W 
CA 
San Bernardino 34.115784 N 117.3024 W 
Siskiyou 41.7743 N 122.577 W 
Los Angeles 34.052235 N 118.243683 W 
WA 
Grays Harbor 46.9954 N 123.7012 W 
Klickitat 45.8888 N 120.9711 W 
Pierce 47.0676 N 122.1295 W 
 
Table C.2 A list of inventory for material and energy inputs for 1 m2 of solar thermal collector 
production 
Ecoinvent process Amount Unit 
Electricity, medium voltage, at grid 1.16 kWh 
Tap water, at user 9.4 kg 
Water, completely softened, at plant 1.5 kg 
Solar collector factory (infrastructure) 1 Unit  
Rock wool, packed, at plant 2.43 kg 
EUR-flat pallet 4.51E-2 Unit 
Solar galls, low-iron, at regional storage 9.12 kg 
Synthetic rubber, at plant 7.32E-1 kg 
Silicone product, at plant 5.88E-2 kg 
Propylene glycol, liquid, at plant 8.80E-1 kg 
Aluminium, production mix, wrought alloy, at plant 3.93 kg 
Brazing solder, cadmium free, at plant 3.68 kg 
Soft solder, Sn97Cu3, at plant 5.88E-2 kg 
Copper, at regional storage 2.82 kg 
Selective coating, copper sheet, black chrome 1 m2 
Tempering, flat glass 9.12 kg 
Sheet rolling, copper 2.82 kg 
Section bar extrusion, aluminium 3.93 kg 
Note: Information was obtained from Ecoinvent database v. 3 implemented in SimaPro v. 8. 
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a) 
  
b) 
 
c) 
 
Figure C.2 Summary of average monthly sun hours (left) and global solar insolation on tilted 
collector surface (right) for (a) Florida, (b) California, and (c) Washington states 
 
 
Figure C.3 Assumed optimum water temperature and survival rates for cold, warm, and hot water 
species 
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Table C.3 Averaged annual water temperatures with various heating strategies (%) in the hot (H), 
moderate (M), and cold (L) climates regions 
Location Heating (%) Water temperature (°C) 
H 
20 24.7 
50 25.8 
80 26.9 
100 27.7 
M 
20 17.9 
50 21.3 
80 24.7 
100 27.0 
L 
20 14.3 
50 19.1 
80 23.8 
100 27.0 
Note: For the H case, monthly average streamwater temperatures during summer season exceed 27 °C). 
 
Table C.4 Comparisons of captured annual solar insolation on collectors and required solar 
collector size with consideration of water sources, monthly optimal collector tilt angle adjustment 
and horizontally fixed solar collector 
 
Unit Water source 
Monthly collector tilt angle 
Optimum Horizontal 
Annual solar insolation MWh/m2  3.1 2.5 
Required solar collector size 
m2 Streamwater 65 137 
m2 Groundwater 39 93 
Note: The results were from the moderate climate case with 80% heating for indoor aquaculture systems. 
 
(a)                                                                               (b) 
 
Figure C.4 Temperatures of stream (orange), groundwater (grey), heated groundwater (blue), and 
optimum (dot-line) (a) for the moderate climate case with the 80% heating and (b) for the hot 
climate case with the 20% heating 
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C.3 Unweighted Life Cycle Environmental Impacts Results 
 
Figure C.5 Normalized environmental impacts per functional unit (FU) (H: Hot climate (FL), M: 
Moderate climate (CA), L: Cold climate (WA)) 
 
 
Figure C.6 Normalized environmental impacts per functional unit (FU) of solar water heating 
systems and electric heaters (H: Hot climate (FL), M: Moderate climate (CA), L: Cold climate 
(WA))  
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Figure C.7 Comparisons of environmental impacts per functional unit (FU) of solar water heating 
systems used (a) in the moderate climate with the 80% heating strategy and (b) in the hot climate 
with the 20% heating strategy (G-O: Groundwater with monthly optimal tilt angle adjustment, G-
H: Groundwater with horizontally fixed solar collector, S-O: streamwater with monthly optimal tilt 
angle adjustment, and S-H: streamwater with horizontally fixed solar collector)  
 
Table C.5 Unweighted normalized life cycle environmental impacts of solar water heaters and 
electric heaters for indoor aquaculture case 
            Setting 
Region 
Indoor aquaculture 
1. Florida 
 
(A) Solar water heater 
Heating strategy (%) 
(B) Electric water heater 
Heating strategy (%) 
Environmental 
impacts 
categories 
Unit 20 50 80 100 20 50 80 100 
Ozone 
depletion 
kg 
CFC-11 
eq 
1.19E-03 1.86E-03 2.60E-03 3.14E-03 1.6E-03 2.8E-03 4.1E-03 7.3E-03 
Global 
warming 
kg CO2 
eq 
7.23E-02 1.36E-01 2.03E-01 2.52E-01 1.1E-01 2.3E-01 3.5E-01 6.4E-01 
Smog 
kg O3 
eq 
8.18E-02 1.49E-01 2.21E-01 2.73E-01 1.2E-01 2.4E-01 3.7E-01 6.8E-01 
Acidification 
kg SO2 
eq 
1.26E-01 2.07E-01 2.96E-01 3.60E-01 1.6E-01 2.9E-01 4.3E-01 7.7E-01 
Eutrophication kg N eq 5.88E-01 9.32E-01 1.31E+00 1.58E+00 7.4E-01 1.3E+00 1.8E+00 3.2E+00 
Carcinogenics CTUh 8.88E+00 1.06E+01 1.30E+01 1.47E+01 9.4E+00 1.2E+01 1.5E+01 2.2E+01 
Non-
carcinogenics 
CTUh 1.98E+00 2.50E+00 3.15E+00 3.61E+00 1.9E+00 2.3E+00 2.9E+00 4.2E+00 
Respiratory 
effects 
kg 
PM2.5 
eq 
5.60E-02 7.55E-02 9.85E-02 1.15E-01 6.1E-02 8.6E-02 1.2E-01 1.9E-01 
Ecotoxicity CTUe 4.31E+00 5.50E+00 6.96E+00 8.01E+00 4.2E+00 5.3E+00 6.7E+00 1.0E+01 
Fossil fuel 
depletion 
MJ 
surplus 
4.39E-02 6.04E-02 7.97E-02 9.36E-02 5.0E-02 7.5E-02 1.0E-01 1.7E-01 
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Table C.5 (Continued) 
            Setting 
Region 
Indoor aquaculture 
2. California 
 
(A) Solar water heater 
Heating strategy (%) 
(B) Electric water heater 
Heating strategy (%) 
Environmental 
impacts 
categories 
Unit 20 50 80 100 20 50 80 100 
Ozone 
depletion 
kg 
CFC-11 
eq 
5.1E-03 6.5E-03 7.1E-03 8.7E-03 8.0E-03 1.1E-02 1.2E-02 1.5E-02 
Global 
warming 
kg CO2 
eq 
3.9E-01 5.5E-01 6.1E-01 7.6E-01 6.7E-01 9.9E-01 1.1E+00 1.4E+00 
Smog 
kg O3 
eq 
4.2E-01 5.9E-01 6.6E-01 8.1E-01 7.1E-01 1.0E+00 1.2E+00 1.4E+00 
Acidification 
kg SO2 
eq 
5.5E-01 7.3E-01 8.0E-01 9.8E-01 7.9E-01 1.2E+00 1.3E+00 1.6E+00 
Eutrophication kg N eq 2.4E+00 3.1E+00 3.4E+00 4.2E+00 3.2E+00 4.7E+00 5.3E+00 6.6E+00 
Carcinogenics CTUh 2.6E+01 2.5E+01 2.5E+01 2.9E+01 2.5E+01 3.0E+01 3.2E+01 3.9E+01 
Non 
carcinogenics 
CTUh 5.7E+00 5.9E+00 5.8E+00 6.9E+00 3.6E+00 4.9E+00 5.4E+00 6.6E+00 
Respiratory 
effects 
kg 
PM2.5 
eq 
1.9E-01 2.1E-01 2.1E-01 2.6E-01 2.0E-01 2.7E-01 2.9E-01 3.6E-01 
Ecotoxicity CTUe 1.3E+01 1.3E+01 1.3E+01 1.6E+01 9.3E+00 1.2E+01 1.4E+01 1.7E+01 
Fossil fuel 
depletion 
MJ 
surplus 
1.5E-01 1.8E-01 1.8E-01 2.2E-01 2.0E-01 2.6E-01 2.8E-01 3.4E-01 
3. Washington 
 
(A) Solar water heater 
Heating strategy (%) 
(B) Electric water heater 
Heating strategy (%) 
Environmental 
impacts 
categories 
Unit 20 50 80 100 20 50 80 100 
Ozone 
depletion 
kg 
CFC-11 
eq 
2.2E-01 1.5E-02 1.0E-02 1.2E-02 3.7E-01 2.6E-02 1.8E-02 2.2E-02 
Global 
warming 
kg CO2 
eq 
1.8E+01 1.3E+00 9.0E-01 1.1E+00 3.2E+01 2.4E+00 1.6E+00 2.0E+00 
Smog 
kg O3 
eq 
1.9E+01 1.4E+00 9.6E-01 1.2E+00 3.4E+01 2.5E+00 1.7E+00 2.1E+00 
Acidification 
kg SO2 
eq 
2.5E+01 1.7E+00 1.2E+00 1.4E+00 3.9E+01 2.8E+00 1.9E+00 2.4E+00 
Eutrophication kg N eq 1.1E+02 7.3E+00 5.0E+00 6.0E+00 1.7E+02 1.2E+01 8.1E+00 9.8E+00 
Carcinogenics CTUh 1.0E+03 5.5E+01 3.5E+01 4.1E+01 1.3E+03 7.4E+01 4.8E+01 5.7E+01 
Non 
carcinogenics 
CTUh 2.3E+02 1.3E+01 8.3E+00 9.9E+00 2.4E+02 1.4E+01 8.9E+00 1.1E+01 
Respiratory 
effects 
kg 
PM2.5 
eq 
7.7E+00 4.7E-01 3.1E-01 3.7E-01 1.0E+01 6.5E-01 4.4E-01 5.3E-01 
Ecotoxicity CTUe 5.2E+02 3.0E+01 1.9E+01 2.3E+01 5.7E+02 3.4E+01 2.2E+01 2.6E+01 
Fossil fuel 
depletion 
MJ 
surplus 
6.4E+00 4.0E-01 2.6E-01 3.2E-01 9.1E+00 6.0E-01 4.1E-01 4.9E-01 
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Table C.6 Unweighted normalized life cycle environmental impacts of solar water heaters and 
electric heater for outdoor aquaculture case 
            Setting 
Region 
Outdoor aquaculture 
1. Florida 
 
(A) Solar water heater 
Heating strategy (%) 
(B) Electric water heater 
Heating strategy (%) 
Environmental 
impacts 
categories 
Unit 20 50 80 100 20 50 80 100 
Ozone 
depletion 
kg 
CFC-11 
eq 
7.41E-04 8.26E-04 9.59E-04 1.06E-03 7.4E-04 8.3E-04 9.6E-04 5.9E-04 
Global 
warming 
kg CO2 
eq 
3.13E-02 4.03E-02 5.12E-02 5.89E-02 3.3E-02 4.4E-02 5.6E-02 5.0E-02 
Smog 
kg O3 
eq 
3.87E-02 4.91E-02 6.17E-02 7.07E-02 3.9E-02 5.0E-02 6.4E-02 5.5E-02 
Acidification 
kg SO2 
eq 
7.80E-02 9.65E-02 1.20E-01 1.36E-01 7.1E-02 8.1E-02 9.6E-02 8.4E-02 
Eutrophication kg N eq 3.92E-01 4.76E-01 5.85E-01 6.61E-01 3.5E-01 3.9E-01 4.5E-01 4.1E-01 
Carcinogenics CTUh 7.84E+00 8.22E+00 9.13E+00 9.80E+00 7.3E+00 7.1E+00 7.3E+00 5.2E+00 
Non 
carcinogenics 
CTUh 1.79E+00 2.06E+00 2.44E+00 2.72E+00 1.5E+00 1.5E+00 1.5E+00 1.3E+00 
Respiratory 
effects 
kg 
PM2.5 
eq 
4.59E-02 5.21E-02 6.12E-02 6.77E-02 4.1E-02 4.1E-02 4.4E-02 2.6E-02 
Ecotoxicity CTUe 3.84E+00 4.40E+00 5.21E+00 5.78E+00 3.3E+00 3.2E+00 3.3E+00 2.6E+00 
Fossil fuel 
depletion 
MJ 
surplus 
3.43E-02 3.81E-02 4.42E-02 4.86E-02 3.2E-02 3.2E-02 3.5E-02 1.7E-02 
2. California 
 
(A) Solar water heater 
Heating strategy (%) 
(B) Electric water heater 
Heating strategy (%) 
Environmental 
impacts 
categories 
Unit 20 50 80 100 20 50 80 100 
Ozone 
depletion 
kg 
CFC-11 
eq 
4.9E-03 6.2E-03 6.6E-03 8.0E-03 7.9E-03 1.1E-02 1.2E-02 1.4E-02 
Global 
warming 
kg CO2 
eq 
3.7E-01 5.1E-01 5.6E-01 6.9E-01 6.5E-01 9.4E-01 1.1E+00 1.3E+00 
Smog 
kg O3 
eq 
4.0E-01 5.5E-01 6.1E-01 7.4E-01 7.0E-01 1.0E+00 1.1E+00 1.4E+00 
Acidification 
kg SO2 
eq 
5.6E-01 7.2E-01 7.8E-01 9.5E-01 8.3E-01 1.1E+00 1.3E+00 1.6E+00 
Eutrophication kg N eq 2.5E+00 3.2E+00 3.4E+00 4.1E+00 3.6E+00 4.8E+00 5.2E+00 6.5E+00 
Carcinogenics CTUh 2.7E+01 2.7E+01 2.7E+01 3.1E+01 3.1E+01 3.2E+01 3.3E+01 4.0E+01 
Non 
carcinogenics 
CTUh 6.5E+00 6.9E+00 7.0E+00 8.3E+00 6.0E+00 6.2E+00 6.2E+00 8.0E+00 
Respiratory 
effects 
kg 
PM2.5 
eq 
2.0E-01 2.2E-01 2.3E-01 2.7E-01 2.3E-01 2.8E-01 2.9E-01 3.6E-01 
Ecotoxicity CTUe 1.4E+01 1.5E+01 1.6E+01 1.9E+01 1.4E+01 1.5E+01 1.5E+01 1.9E+01 
Fossil fuel 
depletion 
MJ 
surplus 
1.6E-01 1.8E-01 1.9E-01 2.2E-01 2.0E-01 2.5E-01 2.7E-01 3.3E-01 
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Table C.6 (Continued)  
            Setting 
Region 
Outdoor aquaculture 
3. Washington 
 
(A) Solar water heater 
Heating strategy (%) 
(B) Electric water heater 
Heating strategy (%) 
Environmental 
impacts 
categories 
Unit 20 50 80 100 20 50 80 100 
Ozone 
depletion 
kg 
CFC-11 
eq 
2.5E-01 1.8E-02 1.2E-02 1.5E-02 4.3E-01 3.2E-02 2.2E-02 2.6E-02 
Global 
warming 
kg CO2 
eq 
2.1E+01 1.6E+00 1.1E+00 1.3E+00 3.7E+01 2.8E+00 2.0E+00 2.4E+00 
Smog 
kg O3 
eq 
2.2E+01 1.7E+00 1.2E+00 1.4E+00 4.0E+01 3.0E+00 2.1E+00 2.5E+00 
Acidification 
kg SO2 
eq 
2.8E+01 2.0E+00 1.4E+00 1.7E+00 4.6E+01 3.4E+00 2.3E+00 2.8E+00 
Eutrophication kg N eq 1.2E+02 8.7E+00 5.9E+00 7.2E+00 1.9E+02 1.4E+01 9.7E+00 1.2E+01 
Carcinogenics CTUh 1.1E+03 6.2E+01 4.0E+01 4.7E+01 1.4E+03 8.7E+01 5.7E+01 6.8E+01 
Non 
carcinogenics 
CTUh 2.5E+02 1.4E+01 9.3E+00 1.1E+01 2.7E+02 1.6E+01 1.1E+01 1.3E+01 
Respiratory 
effects 
kg 
PM2.5 
eq 
8.4E+00 5.4E-01 3.6E-01 4.3E-01 1.2E+01 7.7E-01 5.2E-01 6.3E-01 
Ecotoxicity CTUe 5.5E+02 3.3E+01 2.1E+01 2.5E+01 6.4E+02 3.9E+01 2.6E+01 3.1E+01 
Fossil fuel 
depletion 
MJ 
surplus 
7.1E+00 4.7E-01 3.1E-01 3.7E-01 1.0E+01 7.2E-01 4.9E-01 5.9E-01 
 
Table C.7 Unweighted normalized life cycle environmental impacts of solar water heaters with 
different options of water source and solar panel design 
                       Setting 
Region 
Indoor aquaculture (80% heating strategy) 
California 
 
Option: Water source – solar panel orientation design 
Environmental 
impacts categories 
Unit Groundwater - optimum Groundwater - horizontal Stream - horizontal 
Ozone depletion kg CFC-11 eq 6.8E-03 7.1E-03 9.5E-03 
Global warming kg CO2 eq 5.9E-01 6.1E-01 8.1E-01 
Smog kg O3 eq 6.3E-01 6.5E-01 8.8E-01 
Acidification kg SO2 eq 7.5E-01 8.2E-01 1.1E+00 
Eutrophication kg N eq 3.2E+00 3.5E+00 4.8E+00 
Carcinogenics CTUh 2.3E+01 2.4E+01 3.1E+01 
Non carcinogenics CTUh 4.9E+00 6.6E+00 9.0E+00 
Respiratory effects kg PM2.5 eq 2.0E-01 2.3E-01 3.0E-01 
Ecotoxicity CTUe 1.1E+01 1.5E+01 2.0E+01 
Fossil fuel depletion MJ surplus 1.7E-01 1.9E-01 2.6E-01 
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Table C.7 (Continued)  
                       Setting 
Region 
Outdoor aquaculture (20% heating strategy) 
Florida 
 
Option: Water source – solar panel orientation design 
Environmental 
impacts categories 
Unit Groundwater - optimum Groundwater - horizontal Stream - horizontal 
Ozone depletion kg CFC-11 eq 7.3E-04 7.5E-04 8.6E-04 
Global warming kg CO2 eq 3.4E-02 3.4E-02 3.9E-02 
Smog kg O3 eq 4.0E-02 4.2E-02 4.8E-02 
Acidification kg SO2 eq 7.4E-02 7.9E-02 9.6E-02 
Eutrophication kg N eq 3.7E-01 3.9E-01 4.8E-01 
Carcinogenics CTUh 7.2E+00 7.2E+00 8.4E+00 
Non carcinogenics CTUh 1.6E+00 1.7E+00 2.1E+00 
Respiratory effects kg PM2.5 eq 4.2E-02 4.3E-02 5.3E-02 
Ecotoxicity CTUe 3.4E+00 3.6E+00 4.5E+00 
Fossil fuel depletion MJ surplus 3.2E-02 3.3E-02 3.9E-02 
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APPENDIX D: TASK 4 
Table D.1 U.S. aquaculture data from the NASO map and the estimated energy use  
Stat
es 
Natural 
trophic 
level of 
culture 
species 
Culture 
System 
intensity 
Culture 
technology 
Climate Production 
Energy 
intensity 
Energy 
use 
Subtotal 
production 
Subtotal 
production per 
farm 
Average energy 
intensity per farm 
Subtotal 
energy use 
Electricity use Heat use 
(high=1, 
low=0) 
(warm=0, 
cold=1) 
(tonnes/yr) (MJ/kg) (TJ/yr) (tonnes/yr) (tonnes/yr/farm) (MJ/kg/farm) (TJ/yr/farm) (TJ/yr/farm) (TJ/yr/farm) 
AL 
0 E M 0 115 9.6 1.10 
      
1 I M 0 64,539 26.3 1,697.38 64,654 32,327 18 849 272 577 
AK 0 E P 0 102 12.7 1.30 102 102 13 1.3 0.4 1 
AR 1 I M 1 47,334 40.2 1,902.83 47,334 47,334 40 1,903 1,142 761 
CA 
0 E M 0 1,803 9.6 17.31 
      
1 I M 0 4,747 26.3 124.85 6,550 3,275 18 71.08 23 48 
CO 1 I P 1 157 75.7 11.88 157 157 76 12 7 5 
CT 0 E M 0 7,394 9.6 70.98 7,394 7,394 10 71 23 48 
FL 
0 E M 0 7,370 9.6 70.75 
      
1 I M 0 1,372 26.3 36.08 8,742 4,371 18 53 17 36 
GA 1 I M 0 927 26.3 24.38 927 927 26 24 8 17 
HI 
1 I M 0 52 26.3 1.37 
      
0 S P 0 212 12.7 2.69 264 132 20 2 1 1 
ID 1 I P 1 20,242 75.7 1,532.32 20,242 20,242 76 1,532 919 613 
IL 
1 I P 0 660 43 28.38 
      
0 S P 1 1 16.9 0.02 661 330.50 29.95 14 9 6 
IN 
1 I M 0 13 26.3 0.34 
      
0 S P 0 1 12.7 0.01 14 7 20 0 0.057 0 
KS 1 I P 0 6 43 0.26 6 6 43 0 0.083 0 
KY 
1 I M 1 557 40.2 22.39 
      
0 S P 0 17 12.7 0.22 574 287 26 11.30 7 5 
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Table D.1 (Continued) 
Stat
es 
Natural 
trophic 
level of 
culture 
species 
Culture 
System 
intensity 
Culture 
technology 
Climate Production 
Energy 
intensity 
Energy 
use 
Subtotal 
production 
Subtotal 
production per 
farm 
Average energy 
intensity per farm 
Subtotal 
energy use 
Electricity use Heat use 
(high=1, 
low=0) 
(warm=0, 
cold=1) 
(tonnes/yr) (MJ/kg) (TJ/yr) (tonnes/yr) (tonnes/yr/farm) (MJ/kg/farm) (TJ/yr/farm) (TJ/yr/farm) (TJ/yr/farm) 
LA 
0 E M 0 51,397 9.6 493.41 
      
0 E P 1 16,039 16.9 271.06 
      
1 I P 0 9,584 43 412.11 77,020 25,673.33 23.17 392.19 126 267 
MA 
0 E M 0 1,516 9.6 14.55 
      
1 I M 1 13 40.2 0.52 1,529 764.50 24.90 7.54 2 5 
MD 0 E M 0 21 9.6 0.20 21 21 10 0 0 0 
ME 0 E M 0 1,584 9.6 15.21 1,584 1,584 10 15 5 10 
MI 1 I M 0 161 26.3 4.23 161 161 26 4 1 3 
MN 1 I M 1 16 40.2 0.64 16 16 40 1 0 0 
MO 1 I M 0 679 26.3 17.86 679 679 26 18 6 12 
MS 
1 I M 0 142,174 26.3 3,739.18 
      
0 E P 0 4 12.7 0.05 142,178 71,089 20 1,869.61 598 1,271 
NC 
0 E M 0 797 9.6 7.65 
      
1 I M 1 7,741 40.2 311.19 
      
0 E P 0 6 12.7 0.08 8,544 2,848 21 106.31 64 43 
NE 1 I M 0 91 26.3 2.39 91 91 26 2 1 2 
NJ 0 E M 1 1,184 12.2 14.44 1,184 1,184 12 14 9 6 
NY 
0 E M 1 718 12.2 8.76 
      
1 I M 0 52 26.3 1.37 770 385 19 5.06 3 2 
OH 
1 I M 0 96 26.3 2.52 
      
0 S P 0 2 12.7 0.03 98 49 20 1 0 1 
OK 1 I M 1 73 40.2 2.93 73 73 40 3 2 1 
OR 
0 E M 0 2,320 9.6 22.27 
      
1 I M 1 65 40.2 2.61 2,385 1,192.50 24.90 12.44 4 8 
PA 1 I M 0 598 26.3 15.73 598 598 26 16 5 11 
RI 0 E M 0 158 9.6 1.52 158 158 10 2 0 1 
SC 
0 E M 0 1,258 9.6 12.08 
      
1 I M 1 95 40.2 3.82 
      
0 E P 0 66 12.7 0.84 1,419 473 21 5.58 2 4 
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Table D.1 (Continued)  
Stat
es 
Natural 
trophic 
level of 
culture 
species 
Culture 
System 
intensity 
Culture 
technology 
Climate Production 
Energy 
intensity 
Energy 
use 
Subtotal 
production 
Subtotal 
production per 
farm 
Average energy 
intensity per 
farm 
Subtotal energy 
use 
Electricity use Heat use 
(high=1, 
low=0) 
(warm=0, 
cold=1) 
(tonnes/yr) (MJ/kg) (TJ/yr) (tonnes/yr) (tonnes/yr/farm) (MJ/kg/farm) (TJ/yr/farm) (TJ/yr/farm) (TJ/yr/farm) 
TN 
1 I M 0 71 26.3 1.87 
      
0 S P 0 5 12.7 0.06 76 38 20 0.97 0 1 
TX 
1 I M 0 4,306 26.3 113.25 
      
0 E P 0 3,328 12.7 42.27 7,634 3,817 20 78 25 53 
UT 1 I P 1 71 75.7 5.37 71 71 76 5 3 2 
VA 
0 E M 0 20,830 9.6 199.97 
      
1 I M 0 308 26.3 8.10 21,138 10,569 18 104 33 71 
WA 
0 E M 1 18,206 12.2 222.11 
      
1 I M 0 1,883 26.3 49.52 20,089 10,044.50 19.25 135.82 81 54 
WI 1 I M 0 238 26.3 6.26 238 238 26 6 2 4 
WV 1 I M 0 78 26.3 2.05 78 78 26 2 1 1 
    
Grand Total 445,453 1,500 11,577 445,453 248,786 
 
7,352 3,401 3,951 
Note: Original data on species were revised with a natural trophic level of the species for this study; climate data were obtained from the FEAST; I: Intensive system, E: Extensive 
or semi-intensive system, M: Marine-based system, and P: Ponds. 
 
Table D.2 Single scores and life cycle costs of alternative electricity generation systems in U.S. aquaculture 
States 
Environmental impacts single scores (points) Life cycle costs (USD) 
PV-M PV-P PV-T NG DG PG PV-M PV-P PV-T NG DG PG 
AL 2.0 2.2 2.1 1.1 12.0 7.7 3,752 1,383 495 17,275 13,749 18,967 
AK 6.6 7.2 6.8 0.5 5.8 3.7 -384,947 -390,888 -393,187 2,646 7,465 2,970 
AR 6.3 6.9 6.5 3.1 34.4 22.0 18,166 10,951 8,245 86,918 39,937 90,175 
CA 2.0 2.2 2.1 0.9 9.9 6.3 -35,103 -37,377 -38,229 8,232 13,003 8,551 
CO 12.7 14.0 13.1 5.9 64.7 41.0 36,658 22,346 16,980 37,892 79,707 45,162 
CT 0.9 1.0 0.9 0.4 4.4 2.8 2,559 1,554 1,177 3,480 5,325 3,950 
FL 0.9 1.0 0.9 0.5 5.6 3.6 126 -887 -1,267 4,047 6,522 4,516 
GA 2.0 2.3 2.1 1.1 12.0 7.7 3,892 1,486 581 6,521 13,968 8,028 
HI 1.0 1.1 1.1 0.6 7.0 4.5 -9,850 -11,108 -11,582 7,611 9,051 3,708 
ID 13.9 15.4 14.5 5.9 64.7 41.5 39,007 23,516 17,708 144,465 82,283 155,889 
IL 7.2 8.0 7.5 3.3 37.0 23.6 20,862 12,708 9,651 24,472 43,254 25,451 
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Table D.2 (Continued)  
States 
Environmental impacts single scores (points) Life cycle costs (USD) 
PV-M PV-P PV-T NG DG PG PV-M PV-P PV-T NG DG PG 
IN 2.2 2.5 2.3 1.1 11.6 7.4 6,734 4,345 3,326 4,529 13,357 5,945 
KS 3.7 4.2 3.9 1.8 19.6 12.6 11,394 7,214 5,561 5,946 22,575 8,281 
KY 6.4 7.0 6.6 3.1 33.7 21.6 11,556 4,354 1,644 17,369 39,600 24,742 
LA 1.1 1.3 1.2 0.6 7.0 4.5 3,450 2,087 1,576 7,939 7,954 8,959 
MA 0.9 1.0 1.0 0.4 4.5 2.9 2,794 1,711 1,304 2,436 5,400 2,879 
MD 0.8 0.9 0.9 0.4 4.4 2.8 2,591 1,636 1,250 2,313 5,461 2,388 
ME 1.0 1.1 1.0 0.4 4.4 2.8 2,706 1,652 1,256 2,624 5,277 3,055 
MI 2.8 3.1 2.9 1.1 12.0 7.7 7,839 4,809 3,675 5,964 13,978 6,686 
MN 7.5 8.2 7.7 3.1 34.4 22.0 -28,850 -37,060 -40,119 10,729 39,866 16,463 
MO 2.2 2.4 2.3 1.1 12.0 7.7 6,493 3,963 3,014 7,161 14,090 7,833 
MS 2.0 2.2 2.1 1.1 12.0 7.7 3,760 1,378 485 23,351 13,860 24,396 
NC 5.7 6.3 5.9 2.9 32.0 20.5 -2,088 -8,692 -11,168 32,064 37,669 34,166 
NE 2.5 2.8 2.6 1.1 12.0 7.7 7,320 4,511 3,454 4,174 13,938 5,947 
NJ 2.1 2.3 2.1 0.9 10.4 6.7 5,975 3,640 2,764 7,514 13,205 8,511 
NY 2.5 2.7 2.5 1.0 11.2 7.2 7,011 4,288 3,265 6,595 14,158 7,847 
OH 2.4 2.7 2.5 1.1 11.9 7.6 7,142 4,422 3,402 4,363 13,751 6,306 
OK 6.2 6.8 6.4 3.1 34.4 22.0 18,452 11,327 8,649 19,873 40,124 18,452 
OR 1.1 1.2 1.1 0.4 4.8 3.1 2,713 1,550 1,113 2,449 6,193 3,050 
PA 2.4 2.6 2.5 1.1 12.0 7.7 6,871 4,194 3,190 8,668 15,136 8,608 
RI 0.9 1.0 0.9 0.4 4.4 2.8 -8,321 -9,317 -9,678 2,480 5,221 2,442 
SC 0.9 1.0 1.0 0.5 5.4 3.4 2,838 1,742 1,331 2,258 6,211 3,094 
TN 2.1 2.3 2.1 1.1 11.6 7.4 4,007 1,645 694 4,077 13,422 5,637 
TX 1.4 1.6 1.5 0.8 9.3 6.0 -45 -1,735 -2,369 5,958 10,487 8,215 
UT 12.6 13.9 13.1 5.9 64.7 41.5 36,626 22,403 17,070 31,202 79,359 40,262 
VA 0.8 0.9 0.9 0.4 4.5 2.9 1,512 558 201 3,488 5,275 4,530 
WA 2.8 3.1 2.9 1.1 11.6 7.4 -5,055 -8,065 -9,193 13,343 15,305 13,453 
WI 2.7 3.0 2.8 1.1 12.0 7.7 -27,209 -30,137 -31,219 5,062 14,009 6,879 
WV 2.3 2.5 2.4 1.1 12.0 7.7 6,765 4,171 3,201 2,572 13,787 6,289 
PV-M: solar PV system with mono-crystalline, PV-P: solar PV system with poly-crystalline, PV-T: solar PV system with thin-film, NG: natural gas generator, DG: diesel 
generator, and PG: propane generator 
 
198 
 
Table D.3 Single scores and life cycle costs of alternative heating systems in the U.S. aquaculture 
States 
Environmental impacts single scores (points) Life cycle costs (USD) 
SHW PB NB DB SHW-AD PB-AD 
NB-
AD 
DB-AD SHW PB NB DB SHW-AD PB-AD NB-AD 
DB-
AD 
AL 3 7 1 8 3 7 1 8 3,262 4,122 2,608 12,241 3,330 4,141 2,652 12,129 
AK 11 3 1 4 11 3 1 4 24,671 2,285 1,994 7,045 24,781 2,752 2,470 7,387 
AR 3 6 1 8 3 6 1 7 3,115 4,462 3,548 11,025 3,197 4,482 3,584 10,931 
CA 3 6 1 7 3 6 1 7 5,350 3,850 3,564 11,971 5,534 3,990 3,710 11,967 
CO 7 12 2 14 7 12 2 14 8,202 7,934 5,893 23,116 8,741 8,260 6,235 23,325 
CT 1 3 0 3 1 2 0 3 2,512 1,854 1,434 4,868 2,671 1,978 1,575 4,871 
FL 1 3 0 4 1 3 0 4 -23,871 2,141 1,722 5,953 -22,853 2,168 1,764 5,841 
GA 3 7 1 8 3 7 1 8 3,455 4,251 2,903 12,822 3,656 4,360 3,033 12,794 
HI 2 4 1 5 2 4 1 5 -284,270 2,761 6,253 8,522 -275,692 3,042 6,436 8,642 
ID 7 12 2 14 7 12 2 14 7,361 7,830 4,623 23,026 7,484 7,897 4,718 22,960 
IL 4 7 1 8 4 7 1 8 4,430 4,238 3,963 12,479 4,762 4,436 4,166 12,549 
IN 5 7 1 8 5 7 1 8 13,421 5,067 3,800 12,660 14,954 6,057 4,804 13,566 
KS 8 11 2 14 8 11 2 14 19,379 6,941 4,852 21,451 20,985 7,986 5,912 22,397 
KY 3 6 1 7 3 6 1 7 3,654 4,530 2,460 11,446 4,003 4,725 2,690 11,525 
LA 2 4 1 5 2 4 1 5 1,705 2,576 1,663 7,125 1,777 2,587 1,700 7,008 
MA 2 3 0 3 1 3 0 3 2,389 1,917 1,520 5,013 2,686 2,116 1,734 5,098 
MD 2 3 0 3 2 2 0 3 4,772 2,023 1,957 5,181 5,741 2,629 2,565 5,672 
ME 2 3 0 3 2 2 0 3 2,222 1,862 1,476 4,876 2,469 2,026 1,655 4,924 
MI 5 7 1 8 5 7 1 8 6,146 4,633 3,988 13,003 6,610 4,960 4,323 13,221 
MN 5 6 1 8 5 6 1 7 9,769 3,980 2,372 11,778 10,176 4,693 3,105 12,392 
MO 4 7 1 8 4 7 1 8 4,330 4,446 3,845 12,974 4,577 4,598 4,006 12,996 
MS 3 7 1 8 3 7 1 8 3,172 4,027 3,092 12,260 3,230 4,040 3,121 12,139 
NC 3 6 1 7 3 6 1 7 2,913 3,692 3,102 10,695 3,072 3,770 3,190 10,642 
NE 4 7 1 8 4 7 1 8 5,978 4,290 2,704 13,019 6,579 4,661 3,096 13,271 
NJ 1 2 0 2 1 2 0 2 1,632 1,558 1,278 3,832 1,791 1,659 1,393 3,812 
NY 1 2 0 2 1 2 0 2 1,620 1,635 1,283 4,139 1,993 1,853 1,518 4,243 
OH 4 7 1 8 4 7 1 8 6,292 4,897 3,158 12,903 7,021 5,342 3,627 13,240 
OK 3 6 1 8 3 6 1 7 4,495 3,827 4,226 11,715 4,969 4,170 4,563 11,930 
OR 2 3 0 3 2 3 0 3 1,929 1,861 1,323 5,765 2,136 1,986 1,468 5,743 
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Table D.3 (Continued)  
States 
Environmental impacts single scores (points) Life cycle costs (USD) 
SHW PB NB DB SHW-AD PB-AD 
NB-
AD 
DB-AD SHW PB NB DB SHW-AD PB-AD NB-AD 
DB-
AD 
PA 4 7 1 8 4 7 1 8 4,394 5,278 5,332 14,033 4,703 5,456 5,509 14,087 
RI 15 26 4 32 15 26 4 31 3,376 1,877 1,912 4,897 3,311 1,737 1,770 4,642 
SC 2 3 0 4 2 3 0 4 1,845 2,081 1,333 5,761 2,126 2,229 1,507 5,781 
TN 4 7 1 8 4 7 1 8 5,767 4,399 3,003 12,608 6,512 4,849 3,473 12,936 
TX 2 5 1 6 2 5 1 6 2,326 3,644 1,625 9,511 2,436 3,676 1,699 9,416 
UT 7 12 2 14 7 12 2 14 8,674 7,957 5,414 23,148 9,180 8,344 5,821 23,413 
VA 1 3 0 3 1 3 0 3 1,449 2,032 1,099 4,793 1,576 2,082 1,188 4,731 
WA 1 2 0 3 1 2 0 2 1,237 1,410 1,379 4,386 1,365 1,472 1,443 4,303 
WI 4 7 1 8 4 7 1 8 5,800 4,538 2,912 12,994 6,217 4,818 3,214 13,160 
WV 4 7 1 8 4 7 1 8 5,525 4,660 1,335 12,877 6,011 5,028 1,749 13,130 
SHW: solar hot water, PB: propane boiler, NB: natural gas boiler, DB: diesel boiler, and AD: anaerobic digestion system 
 
Table D.4 Rankings of electricity generation systems in aquaculture based on calculated sustainable indices 
States 
Sustainability of electricity generation systems 
Most sustainable  Least sustainable 
AL PV-T PV-P PV-M NG DG PG 
AK PV-T PV-M PV-P NG PG DG 
AR PV-T PV-P PV-M DG NG PG 
CA PV-T PV-P PV-M NG PG DG 
CO PV-T PV-P NG PV-M PG DG 
CT PV-T PV-P PV-M NG PG DG 
FL PV-T PV-P PV-M NG PG DG 
GA PV-T PV-P PV-M NG PG DG 
HI PV-T PV-P PV-M PG NG DG 
ID PV-T PV-P PV-M DG NG PG 
IL PV-T PV-P PV-M NG PG DG 
IN PV-T NG PV-P PV-M PG DG 
KS NG PV-T PV-P PG PV-M DG 
KY PV-T PV-P PV-M NG PG DG 
LA PV-T PV-P PV-M NG DG PG 
MA PV-T PV-P PV-M NG PG DG 
MD PV-T PV-P NG PV-M PG DG 
ME PV-T PV-P NG PV-M PG DG 
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Table D.4 (Continued) 
States 
Sustainability of electricity generation systems 
Most sustainable     Least sustainable 
MI PV-T PV-P NG PV-M PG DG 
MN PV-T PV-P PV-M NG PG DG 
MO PV-T PV-P PV-M NG PG DG 
MS PV-T PV-P PV-M DG NG PG 
NC PV-T PV-P PV-M NG PG DG 
NE PV-T NG PV-P PV-M PG DG 
NJ PV-T PV-P PV-M NG PG DG 
NY PV-T PV-P NG PV-M PG DG 
OH PV-T NG PV-P PV-M PG DG 
OK PV-T PV-P PV-M NG PG DG 
OR PV-T PV-P NG PV-M PG DG 
PA PV-T PV-P PV-M NG PG DG 
RI PV-T PV-P PV-M NG PG DG 
SC PV-T PV-P NG PV-M PG DG 
TN PV-T PV-P NG PV-M PG DG 
TX PV-T PV-P PV-M NG PG DG 
UT PV-T PV-P NG PV-M PG DG 
VA PV-T PV-P PV-M NG PG DG 
WA PV-T PV-P PV-M NG PG DG 
WI PV-T PV-P PV-M NG PG DG 
WV NG PV-T PV-P PV-M PG DG 
Note: PV-M, P, and T are solar photo-voltaic with mono-crystalline, poly-crystalline, and thin-film, respectively. NG is a natural gas generator, PG is a propane generator and DG 
is a diesel generator. 
 
Table D.5 Rankings of heating systems in aquaculture based on calculated sustainable indices 
States 
Sustainability of heating systems 
Most sustainable  Least sustainable 
AL NB NB-AD SHW SHW-AD PB-AD PB DB-AD DB 
AK NB NB-AD PB PB-AD DB DB-AD SHW-AD SHW 
AR NB NB-AD SHW SHW-AD PB-AD PB DB-AD DB 
CA NB NB-AD PB PB-AD SHW SHW-AD DB-AD DB 
CO NB NB-AD SHW SHW-AD PB PB-AD DB DB-AD 
CT NB NB-AD PB PB-AD SHW SHW-AD DB-AD DB 
FL SHW NB-AD NB-AD NB PB-AD PB DB-AD DB 
GA NB NB-AD SHW SHW-AD PB PB-AD DB-AD DB 
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Table D.5 (Continued)  
States 
Sustainability of heating systems 
Most sustainable       Least sustainable 
HI SHW SHW-AD NB-AD NB PB-AD PB DB-AD DB 
ID NB NB-AD SHW SHW-AD PB-AD PB DB-AD DB 
IL NB NB-AD SHW SHW-AD PB PB-AD DB DB-AD 
IN NB NB-AD PB PB-AD SHW DB SHW-AD DB-AD 
KS NB NB-AD PB PB-AD SHW SHW-AD DB DB-AD 
KY NB NB-AD SHW SHW-AD PB PB-AD DB DB-AD 
LA NB NB-AD SHW SHW-AD PB-AD PB DB-AD DB 
MA NB-AD NB PB PB-AD SHW SHW-AD DB-AD DB 
MD NB NB-AD PB PB-AD SHW SHW-AD DB DB-AD 
ME NB NB-AD SHW PB PB-AD SHW-AD DB-AD DB 
MI NB NB-AD PB PB-AD SHW SHW-AD DB DB-AD 
MN NB NB-AD PB PB-AD SHW SHW-AD DB DB-AD 
MO NB NB-AD SHW SHW-AD PB PB-AD DB-AD DB 
MS NB NB-AD SHW SHW-AD PB-AD PB DB-AD DB 
NC NB NB-AD SHW SHW-AD PB PB-AD DB-AD DB 
NE NB NB-AD PB PB-AD SHW SHW-AD DB DB-AD 
NJ NB NB-AD SHW SHW-AD PB PB-AD DB-AD DB 
NY NB NB-AD SHW SHW-AD PB PB-AD DB DB-AD 
OH NB NB-AD PB SHW PB-AD SHW-AD DB DB-AD 
OK NB NB-AD SHW PB SHW-AD PB-AD DB DB-AD 
OR NB NB-AD SHW SHW-AD PB PB-AD DB-AD DB 
PA NB NB-AD SHW SHW-AD PB PB-AD DB-AD DB 
RI NB-AD NB PB-AD PB SHW-AD SHW DB-AD DB 
SC NB NB-AD SHW SHW-AD PB PB-AD DB-AD DB 
TN NB NB-AD PB SHW PB-AD SHW-AD DB DB-AD 
TX NB NB-AD SHW SHW-AD PB-AD PB DB-AD DB 
UT NB NB-AD SHW SHW-AD PB PB-AD DB DB-AD 
VA NB NB-AD SHW SHW-AD PB-AD PB DB-AD DB 
WA NB NB-AD SHW SHW-AD PB PB-AD DB-AD DB 
WI NB NB-AD PB SHW PB-AD SHW-AD DB DB-AD 
WV NB NB-AD SHW SHW-AD PB PB-AD DB DB-AD 
Note: SHW is a solar hot water, PB is a propane boiler, NB is a natural gas boiler, DB is a diesel boiler, and AD is an anaerobic digestion system. 
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Table D.6 Calculated sustainability indices for electricity generation and heating systems in arid climate regions 
State
s 
Supporting percentage from a primary 
energy source 
Electricity generation systems Heating systems 
PV-T + 
NG 
PV-T + 
DG 
PV-T + 
PG 
NG+
PG 
NG+
DG 
PG+
DG 
SHW + 
PB 
SHW + 
NB 
SHW + 
DB 
PB + 
NB 
PB + 
DB 
NB + 
DB 
ID 
100% 0.93 0.93 0.93 0.30 0.30 0.02 0.78 0.78 0.78 0.68 0.68 1.00 
90% 0.91 0.88 0.89 0.34 0.34 0.08 0.77 0.80 0.70 0.71 0.61 0.90 
50% 0.70 0.67 0.56 0.33 0.44 0.30 0.73 0.89 0.39 0.84 0.34 0.50 
10% 0.39 0.46 0.14 0.12 0.44 0.41 0.69 0.98 0.08 0.97 0.07 0.10 
0% 0.30 0.41 0.02 0.02 0.41 0.41 0.68 1.00 0.00 1.00 0.00 0.00 
NE 
100% 0.92 0.92 0.92 0.30 0.30 0.07 0.78 0.78 0.78 0.68 0.68 1.00 
90% 0.88 0.83 0.85 0.30 0.30 0.08 0.77 0.80 0.70 0.71 0.61 0.90 
50% 0.64 0.46 0.53 0.25 0.30 0.07 0.73 0.89 0.39 0.84 0.34 0.50 
10% 0.37 0.09 0.17 0.12 0.30 0.02 0.69 0.98 0.08 0.97 0.07 0.10 
0% 0.30 0.00 0.07 0.07 0.30 0.00 0.68 1.00 0.00 1.00 0.00 0.00 
UT 
100% 0.92 0.92 0.92 0.30 0.30 0.07 0.78 0.78 0.78 0.68 0.68 1.00 
90% 0.88 0.83 0.85 0.30 0.30 0.08 0.77 0.80 0.70 0.71 0.61 0.90 
50% 0.64 0.46 0.53 0.25 0.30 0.07 0.73 0.89 0.39 0.84 0.34 0.50 
10% 0.37 0.09 0.17 0.12 0.30 0.02 0.69 0.98 0.08 0.97 0.07 0.10 
0% 0.30 0.00 0.07 0.07 0.30 0.00 0.68 1.00 0.00 1.00 0.00 0.00 
WA 
100% 0.92 0.92 0.92 0.30 0.30 0.07 0.78 0.78 0.78 0.68 0.68 1.00 
90% 0.88 0.83 0.85 0.30 0.30 0.08 0.77 0.80 0.70 0.71 0.61 0.90 
50% 0.64 0.46 0.53 0.25 0.30 0.07 0.73 0.89 0.39 0.84 0.34 0.50 
10% 0.37 0.09 0.17 0.12 0.30 0.02 0.69 0.98 0.08 0.97 0.07 0.10 
0% 0.30 0.00 0.07 0.07 0.30 0.00 0.68 1.00 0.00 1.00 0.00 0.00 
PV-M: solar PV system with mono-crystalline, PV-P: solar PV system with poly-crystalline, PV-T: solar PV system with thin-film, NG: natural gas generator, DG: diesel 
generator, PG: propane generator, SHW: solar hot water, PB: propane boiler, NB: natural gas boiler, DB: diesel boiler, and AD: anaerobic digestion system 
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Table D.7 Calculated sustainability indices for electricity generation and heating systems in equatorial climate regions 
States 
Supporting percentage from a 
primary energy source 
Electricity generation systems Heating systems 
PV-T + 
NG 
PV-T + 
DG 
PV-T + 
PG 
NG+
PG 
NG+
DG 
PG+
DG 
SHW + 
PB 
SHW + 
NB 
SHW + 
DB 
PB + 
NB 
PB + 
DB 
NB + 
DB 
FL 
100 0.96 0.96 0.96 0.48 0.48 0.21 0.94 0.94 0.94 0.14 0.14 0.34 
90 0.92 0.86 0.90 0.47 0.44 0.20 0.86 0.88 0.84 0.16 0.13 0.31 
50 0.74 0.48 0.61 0.40 0.27 0.13 0.54 0.64 0.47 0.24 0.07 0.17 
10 0.53 0.10 0.30 0.26 0.06 0.03 0.22 0.40 0.09 0.32 0.01 0.03 
0 0.48 0.00 0.21 0.21 0.00 0.00 0.14 0.34 0.00 0.34 0.00 0.00 
HI 
100 0.96 0.96 0.96 0.23 0.34 0.26 0.94 0.94 0.94 0.06 0.06 0.24 
90 0.90 0.87 0.89 0.21 0.31 0.24 0.85 0.87 0.84 0.08 0.05 0.22 
50 0.65 0.51 0.61 0.13 0.20 0.16 0.50 0.59 0.47 0.15 0.03 0.12 
10 0.40 0.15 0.33 0.04 0.09 0.08 0.14 0.30 0.09 0.22 0.01 0.02 
0 0.34 0.06 0.26 0.02 0.06 0.06 0.06 0.24 0.00 0.24 0.00 0.00 
PV-M: solar PV system with mono-crystalline, PV-P: solar PV system with poly-crystalline, PV-T: solar PV system with thin-film, NG: natural gas generator, DG: diesel 
generator, PG: propane generator, SHW: solar hot water, PB: propane boiler, NB: natural gas boiler, DB: diesel boiler, and AD: anaerobic digestion system 
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Table D.8 Calculated sustainability indices for electricity generation and heating systems in snow climate regions 
States 
Supporting percentage from a primary 
energy source 
Electricity generation systems Heating systems 
PV-T 
+ NG 
PV-T + 
DG 
PV-T + 
PG 
NG+PG NG+DG PG+DG 
SHW + 
PB 
SHW + 
NB 
SHW + 
DB 
PB + 
NB 
PB 
+ 
DB 
NB 
+ 
DB 
AK 
100 0.77 0.77 0.77 0.24 0.24 0.13 0.00 0.00 0.00 0.93 0.93 1.00 
90 0.71 0.70 0.70 0.23 0.23 0.13 0.09 0.10 0.08 0.94 0.91 0.97 
50 0.50 0.44 0.45 0.19 0.18 0.12 0.45 0.48 0.36 0.96 0.84 0.88 
10 0.30 0.18 0.19 0.14 0.13 0.12 0.81 0.87 0.65 0.99 0.77 0.78 
0 0.24 0.11 0.13 0.13 0.11 0.11 0.93 1.00 0.75 1.00 0.75 0.75 
CO 
100 0.94 0.94 0.94 0.53 0.53 0.44 0.81 0.81 0.81 0.72 0.72 1.00 
90 0.94 0.85 0.90 0.54 0.48 0.40 0.79 0.82 0.72 0.75 0.65 0.90 
50 0.87 0.47 0.72 0.54 0.29 0.25 0.75 0.89 0.39 0.86 0.36 0.50 
10 0.77 0.09 0.50 0.47 0.07 0.06 0.71 0.96 0.07 0.97 0.08 0.11 
0 0.74 0.00 0.44 0.44 0.00 0.00 0.72 1.00 0.01 1.00 0.01 0.01 
CT 
100 0.94 0.94 0.94 0.57 0.57 0.27 0.66 0.66 0.66 0.72 0.72 1.00 
90 0.92 0.85 0.89 0.58 0.53 0.26 0.67 0.70 0.60 0.74 0.64 0.90 
50 0.80 0.47 0.65 0.51 0.33 0.18 0.69 0.83 0.33 0.86 0.36 0.50 
10 0.62 0.09 0.35 0.34 0.08 0.05 0.71 0.96 0.06 0.97 0.07 0.10 
0 0.57 0.00 0.27 0.27 0.00 0.00 0.72 1.00 0.00 1.00 0.00 0.00 
IL 
100 0.94 0.94 0.94 0.66 0.66 0.42 0.87 0.87 0.87 0.79 0.79 1.00 
90 0.93 0.85 0.90 0.66 0.61 0.39 0.85 0.87 0.78 0.81 0.71 0.90 
50 0.83 0.47 0.71 0.60 0.36 0.24 0.81 0.92 0.42 0.89 0.39 0.50 
10 0.70 0.09 0.48 0.47 0.08 0.06 0.77 0.96 0.07 0.98 0.08 0.10 
0 0.66 0.00 0.42 0.42 0.00 0.00 0.79 1.00 0.00 1.00 0.00 0.00 
ME 
100 0.93 0.93 0.93 0.74 0.74 0.44 0.72 0.72 0.72 0.72 0.72 1.00 
90 0.92 0.84 0.89 0.73 0.67 0.40 0.72 0.75 0.65 0.75 0.65 0.90 
50 0.86 0.47 0.71 0.64 0.39 0.25 0.71 0.85 0.35 0.86 0.36 0.50 
10 0.76 0.09 0.50 0.49 0.09 0.06 0.71 0.96 0.06 0.97 0.07 0.10 
0 0.74 0.00 0.44 0.44 0.00 0.00 0.72 1.00 0.00 1.00 0.00 0.00 
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Table D.8 (Continued) 
States 
Supporting percentage from a primary energy 
source 
Electricity generation systems Heating systems 
PV-T + 
NG 
PV-T + 
DG 
PV-T + 
PG 
NG+P
G 
NG+D
G 
PG+D
G 
SHW + 
PB 
SHW + 
NB 
SHW + 
DB 
PB + 
NB 
PB + 
DB 
NB + 
DB 
MI 
100 0.93 0.93 0.93 0.83 0.83 0.56 0.71 0.71 0.71 0.76 0.76 1.00 
90 0.92 0.83 0.90 0.81 0.75 0.51 0.71 0.74 0.64 0.78 0.68 0.90 
50 0.89 0.46 0.76 0.72 0.43 0.30 0.71 0.83 0.34 0.88 0.38 0.51 
10 0.84 0.09 0.60 0.60 0.09 0.06 0.72 0.94 0.05 0.97 0.09 0.11 
0 0.83 0.00 0.56 0.56 0.00 0.00 0.76 1.00 0.01 1.00 0.01 0.01 
MN 
100 0.93 0.93 0.93 0.51 0.51 0.24 0.43 0.43 0.43 0.73 0.73 1.00 
90 0.89 0.84 0.87 0.49 0.46 0.22 0.46 0.49 0.41 0.75 0.67 0.92 
50 0.72 0.47 0.59 0.38 0.26 0.12 0.44 0.58 0.19 0.86 0.47 0.61 
10 0.55 0.09 0.31 0.27 0.05 0.02 0.49 0.74 0.03 0.97 0.27 0.29 
0 0.51 0.00 0.24 0.24 0.00 0.00 0.73 1.00 0.22 1.00 0.22 0.22 
NY 
100 0.93 0.93 0.93 0.77 0.77 0.46 0.81 0.81 0.81 0.72 0.72 1.00 
90 0.92 0.84 0.89 0.75 0.70 0.42 0.79 0.82 0.72 0.75 0.65 0.90 
50 0.87 0.47 0.71 0.65 0.40 0.25 0.73 0.87 0.38 0.86 0.37 0.51 
10 0.79 0.09 0.51 0.51 0.09 0.06 0.68 0.93 0.05 0.97 0.09 0.11 
0 0.77 0.00 0.46 0.46 0.00 0.00 0.72 1.00 0.02 1.00 0.02 0.02 
OH 
100 0.94 0.94 0.94 0.93 0.93 0.57 0.67 0.67 0.67 0.68 0.68 1.00 
90 0.94 0.84 0.91 0.90 0.84 0.51 0.66 0.69 0.59 0.72 0.62 0.90 
50 0.94 0.47 0.76 0.76 0.47 0.29 0.62 0.78 0.31 0.84 0.37 0.53 
10 0.93 0.09 0.61 0.61 0.10 0.06 0.60 0.88 0.03 0.97 0.12 0.15 
0 0.93 0.00 0.57 0.57 0.00 0.00 0.68 1.00 0.06 1.00 0.06 0.06 
WI 
100 0.93 0.93 0.93 0.39 0.36 0.39 0.65 0.65 0.65 0.69 0.69 1.00 
90 0.88 0.84 0.85 0.36 0.36 0.35 0.65 0.68 0.58 0.72 0.62 0.90 
50 0.66 0.46 0.54 0.27 0.36 0.20 0.65 0.80 0.31 0.84 0.35 0.50 
10 0.44 0.09 0.22 0.17 0.36 0.04 0.66 0.94 0.05 0.97 0.08 0.11 
0 0.39 0.00 0.14 0.14 0.36 0.00 0.69 1.00 0.01 1.00 0.01 0.01 
PV-M: solar PV system with mono-crystalline, PV-P: solar PV system with poly-crystalline, PV-T: solar PV system with thin-film, NG: natural gas generator, DG: diesel 
generator, PG: propane generator, SHW: solar hot water, PB: propane boiler, NB: natural gas boiler, DB: diesel boiler, and AD: anaerobic digestion system 
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Table D.9 Calculated sustainability indices for electricity generation and heating systems in temperate climate regions 
States 
Supporting percentage from a primary energy 
source 
Electricity generation systems Heating systems 
PV-T 
+ NG 
PV-T 
+ DG 
PV-T 
+ PG 
NG+P
G 
NG+D
G 
PG+D
G 
SHW 
+ PB 
SHW 
+ NB 
SHW 
+ DB 
PB + 
NB 
PB + 
DB 
NB + 
DB 
AL 
100 0.95 0.95 0.95 0.30 0.30 0.02 0.88 0.88 0.88 0.69 0.69 1.00 
90 0.93 0.88 0.90 0.33 0.32 0.06 0.86 0.89 0.79 0.72 0.62 0.90 
50 0.70 0.59 0.56 0.31 0.34 0.19 0.78 0.94 0.44 0.84 0.34 0.50 
10 0.39 0.29 0.13 0.10 0.26 0.23 0.71 0.99 0.09 0.97 0.07 0.10 
0 0.30 0.22 0.02 0.02 0.22 0.22 0.69 1.00 0.00 1.00 0.00 0.00 
AR 
100 0.95 0.95 0.95 0.26 0.26 0.02 0.92 0.92 0.92 0.68 0.68 0.96 
90 0.92 0.90 0.90 0.31 0.31 0.09 0.89 0.92 0.83 0.71 0.61 0.86 
50 0.69 0.71 0.57 0.31 0.45 0.33 0.80 0.94 0.46 0.82 0.34 0.48 
10 0.36 0.52 0.14 0.11 0.49 0.47 0.70 0.95 0.09 0.93 0.07 0.10 
0 0.26 0.47 0.02 0.02 0.47 0.47 0.68 0.96 0.00 0.96 0.00 0.00 
CA 
100 0.94 0.94 0.94 0.31 0.31 0.08 0.82 0.82 0.82 0.04 0.80 1.00 
90 0.88 0.84 0.86 0.29 0.28 0.08 0.81 0.84 0.77 0.06 0.75 0.94 
50 0.63 0.47 0.52 0.21 0.16 0.05 0.80 0.91 0.59 0.14 0.58 0.68 
10 0.37 0.09 0.17 0.11 0.03 0.01 0.80 0.98 0.40 0.21 0.40 0.42 
0 0.31 0.00 0.08 0.08 0.00 0.00 0.80 1.00 0.36 0.23 0.36 0.36 
GA 
100 0.95 0.95 0.95 0.66 0.66 0.36 0.88 0.88 0.88 0.71 0.71 1.00 
90 0.93 0.86 0.90 0.65 0.60 0.33 0.86 0.89 0.79 0.74 0.63 0.90 
50 0.83 0.48 0.68 0.56 0.36 0.20 0.79 0.93 0.43 0.85 0.35 0.50 
10 0.70 0.10 0.42 0.41 0.08 0.05 0.72 0.98 0.08 0.97 0.07 0.10 
0 0.66 0.00 0.36 0.36 0.00 0.00 0.71 1.00 0.00 1.00 0.00 0.00 
IN 
100 0.94 0.94 0.94 0.91 0.91 0.58 0.45 0.45 0.45 0.77 0.77 1.00 
90 0.94 0.85 0.91 0.88 0.82 0.53 0.43 0.44 0.39 0.79 0.73 0.94 
50 0.92 0.47 0.76 0.75 0.46 0.30 0.43 0.46 0.24 0.88 0.57 0.69 
10 0.91 0.10 0.62 0.62 0.10 0.06 0.39 0.44 0.04 0.98 0.41 0.44 
0 0.91 0.00 0.58 0.58 0.00 0.00 0.77 0.82 0.38 1.00 0.38 0.38 
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Table D.9 (Continued)  
States 
Supporting percentage from a primary energy 
source 
Electricity generation systems Heating systems 
PV-T 
+ NG 
PV-T 
+ DG 
PV-T 
+ PG 
NG+P
G 
NG+D
G 
PG+D
G 
SHW 
+ PB 
SHW 
+ NB 
SHW 
+ DB 
PB + 
NB 
PB + 
DB 
NB + 
DB 
KS 
100 0.94 0.94 0.94 0.98 0.98 0.66 0.43 0.28 0.43 0.76 0.76 1.00 
90 0.95 0.85 0.92 0.95 0.88 0.59 0.42 0.28 0.37 0.78 0.71 0.93 
50 0.96 0.47 0.80 0.83 0.50 0.34 0.42 0.31 0.17 0.88 0.51 0.63 
10 0.97 0.08 0.68 0.69 0.09 0.06 0.45 0.35 0.00 0.98 0.32 0.34 
0 0.98 0.00 0.66 0.66 0.00 0.00 0.76 0.39 0.27 1.00 0.27 0.27 
KY 
100 0.94 0.94 0.94 0.68 0.68 0.32 0.81 0.81 0.81 0.64 0.64 1.00 
90 0.93 0.85 0.89 0.66 0.62 0.29 0.79 0.83 0.73 0.67 0.57 0.90 
50 0.84 0.47 0.65 0.54 0.37 0.18 0.71 0.89 0.39 0.82 0.32 0.50 
10 0.72 0.09 0.39 0.37 0.08 0.04 0.63 0.96 0.06 0.96 0.07 0.10 
0 0.68 0.00 0.32 0.32 0.00 0.00 0.64 1.00 0.01 1.00 0.01 0.01 
LA 
100 0.96 0.96 0.96 0.34 0.34 0.02 0.92 0.92 0.92 0.68 0.68 1.00 
90 0.93 0.87 0.90 0.37 0.34 0.05 0.90 0.93 0.83 0.71 0.61 0.90 
50 0.73 0.53 0.56 0.33 0.30 0.14 0.80 0.96 0.46 0.84 0.34 0.50 
10 0.43 0.19 0.13 0.11 0.17 0.13 0.70 0.99 0.09 0.97 0.07 0.10 
0 0.34 0.10 0.02 0.02 0.10 0.10 0.68 1.00 0.00 1.00 0.00 0.00 
MA 
100 0.94 0.94 0.94 0.68 0.68 0.48 0.81 0.81 0.81 0.04 0.81 0.99 
90 0.92 0.84 0.90 0.67 0.62 0.44 0.81 0.83 0.78 0.06 0.77 0.93 
50 0.82 0.47 0.73 0.61 0.36 0.26 0.80 0.89 0.62 0.14 0.63 0.72 
10 0.71 0.09 0.53 0.52 0.08 0.06 0.80 0.96 0.48 0.21 0.49 0.50 
0 0.68 0.00 0.48 0.48 0.00 0.00 0.81 0.99 0.45 0.23 0.45 0.45 
MD 
100 0.95 0.95 0.95 0.81 0.81 0.58 0.53 0.53 0.53 0.81 0.81 1.00 
90 0.93 0.85 0.91 0.79 0.73 0.52 0.51 0.53 0.47 0.83 0.77 0.93 
50 0.87 0.47 0.76 0.69 0.40 0.28 0.51 0.60 0.29 0.90 0.59 0.68 
10 0.82 0.10 0.61 0.60 0.09 0.06 0.46 0.63 0.06 0.98 0.41 0.43 
0 0.81 0.00 0.58 0.58 0.00 0.00 0.81 1.00 0.37 1.00 0.37 0.37 
208 
 
Table D.9 (Continued)  
States 
Supporting percentage from a primary energy 
source 
Electricity generation systems Heating systems 
PV-T 
+ NG 
PV-T 
+ DG 
PV-T 
+ PG 
NG+P
G 
NG+D
G 
PG+D
G 
SHW 
+ PB 
SHW 
+ NB 
SHW 
+ DB 
PB + 
NB 
PB + 
DB 
NB + 
DB 
MO 
100 0.95 0.95 0.95 0.71 0.71 0.45 0.88 0.88 0.88 0.76 0.76 1.00 
90 0.94 0.85 0.91 0.71 0.65 0.41 0.86 0.89 0.79 0.78 0.68 0.90 
50 0.85 0.47 0.72 0.63 0.38 0.25 0.81 0.93 0.43 0.88 0.38 0.50 
10 0.74 0.09 0.51 0.50 0.08 0.06 0.76 0.97 0.08 0.97 0.08 0.10 
0 0.71 0.00 0.45 0.45 0.00 0.00 0.76 1.00 0.00 1.00 0.00 0.00 
MS 
100 0.95 0.95 0.95 0.27 0.27 0.02 0.92 0.92 0.92 0.73 0.73 1.00 
90 0.92 0.89 0.90 0.31 0.30 0.07 0.90 0.93 0.83 0.76 0.66 0.90 
50 0.69 0.65 0.56 0.30 0.38 0.26 0.83 0.96 0.46 0.87 0.37 0.50 
10 0.36 0.40 0.13 0.10 0.37 0.34 0.75 0.99 0.09 0.97 0.07 0.10 
0 0.27 0.34 0.02 0.02 0.34 0.34 0.73 1.00 0.00 1.00 0.00 0.00 
NC 
100 0.95 0.95 0.95 0.32 0.32 0.07 0.92 0.92 0.92 0.73 0.73 0.98 
90 0.91 0.86 0.88 0.33 0.30 0.08 0.90 0.93 0.83 0.76 0.66 0.88 
50 0.68 0.48 0.55 0.28 0.20 0.08 0.82 0.95 0.46 0.86 0.37 0.49 
10 0.40 0.10 0.17 0.13 0.05 0.03 0.75 0.97 0.09 0.96 0.07 0.10 
0 0.32 0.00 0.07 0.07 0.00 0.00 0.73 0.98 0.00 0.98 0.00 0.00 
NJ 
100 0.94 0.94 0.94 0.65 0.65 0.36 0.80 0.80 0.80 0.73 0.73 1.00 
90 0.93 0.85 0.90 0.64 0.60 0.33 0.79 0.82 0.72 0.75 0.65 0.90 
50 0.82 0.47 0.68 0.56 0.36 0.21 0.75 0.88 0.38 0.86 0.36 0.50 
10 0.69 0.09 0.43 0.41 0.08 0.05 0.71 0.96 0.06 0.97 0.07 0.10 
0 0.65 0.00 0.36 0.36 0.00 0.00 0.73 1.00 0.00 1.00 0.00 0.00 
OK 
100 0.95 0.95 0.95 0.73 0.73 0.54 0.85 0.85 0.85 0.81 0.81 0.96 
90 0.93 0.85 0.92 0.72 0.66 0.50 0.84 0.86 0.76 0.82 0.73  
50 0.85 0.48 0.76 0.67 0.38 0.29 0.78 0.86 0.39 0.88 0.41  
10 0.75 0.09 0.59 0.58 0.08 0.06 0.74 0.88 0.03 0.95 0.10  
0 0.73 0.00 0.54 0.54 0.00 0.00 0.81 0.96 0.02 0.96 0.02  
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Table D.9 (Continued)  
States 
Supporting percentage from a primary energy 
source 
Electricity generation systems Heating systems 
PV-T 
+ NG 
PV-T 
+ DG 
PV-T 
+ PG 
NG+P
G 
NG+D
G 
PG+D
G 
SHW 
+ PB 
SHW 
+ NB 
SHW 
+ DB 
PB + 
NB 
PB + 
DB 
NB + 
DB 
OR 
100 0.93 0.93 0.93 0.80 0.80 0.49 0.79 0.79 0.79 0.72 0.72 1.00 
90 0.93 0.84 0.89 0.78 0.73 0.45 0.78 0.80 0.70 0.75 0.65 0.90 
50 0.88 0.47 0.73 0.68 0.42 0.27 0.74 0.88 0.38 0.86 0.36 0.50 
10 0.82 0.09 0.54 0.54 0.09 0.06 0.71 0.97 0.07 0.97 0.07 0.10 
0 0.80 0.00 0.49 0.49 0.00 0.00 0.72 1.00 0.00 1.00 0.00 0.00 
PA 
100 0.94 0.94 0.94 0.65 0.65 0.44 0.91 0.91 0.91 0.74 0.74 0.93 
90 0.92 0.85 0.90 0.65 0.59 0.40 0.89 0.91 0.82 0.76 0.67 0.83 
50 0.82 0.47 0.71 0.59 0.35 0.24 0.81 0.91 0.45 0.83 0.37 0.46 
10 0.68 0.09 0.49 0.47 0.08 0.06 0.74 0.91 0.08 0.91 0.08 0.09 
0 0.65 0.00 0.44 0.44 0.00 0.00 0.74 0.93 0.00 0.93 0.00 0.00 
RI 
100 0.94 0.94 0.94 0.37 0.37 0.16 0.52 0.52 0.52 0.76 0.76 0.94 
90 0.88 0.84 0.86 0.36 0.34 0.15 0.55 0.57 0.48 0.78 0.69 0.85 
50 0.66 0.47 0.55 0.27 0.19 0.08 0.59 0.68 0.24 0.85 0.40 0.49 
10 0.43 0.09 0.24 0.18 0.04 0.02 0.65 0.82 0.01 0.93 0.12 0.14 
0 0.37 0.00 0.16 0.16 0.00 0.00 0.76 0.94 0.05 0.94 0.05 0.05 
SC 
100 0.95 0.95 0.95 0.85 0.85 0.51 0.83 0.83 0.83 0.68 0.68 1.00 
90 0.95 0.86 0.91 0.83 0.78 0.46 0.81 0.85 0.75 0.71 0.61 0.90 
50 0.92 0.48 0.74 0.71 0.45 0.27 0.74 0.90 0.40 0.84 0.34 0.50 
10 0.87 0.09 0.55 0.55 0.11 0.06 0.67 0.96 0.06 0.97 0.07 0.10 
0 0.85 0.00 0.51 0.51 0.02 0.00 0.68 1.00 0.00 1.00 0.00 0.00 
TN 
100 0.95 0.95 0.95 0.80 0.80 0.49 0.71 0.71 0.71 0.71 0.71 1.00 
90 0.94 0.85 0.91 0.77 0.72 0.44 0.70 0.73 0.64 0.74 0.64 0.90 
50 0.88 0.48 0.72 0.65 0.41 0.25 0.64 0.79 0.32 0.85 0.38 0.53 
10 0.81 0.10 0.53 0.52 0.08 0.05 0.61 0.87 0.03 0.97 0.13 0.16 
0 0.80 0.00 0.49 0.49 0.00 0.00 0.71 1.00 0.06 1.00 0.06 0.06 
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Table D.9 (Continued)  
States 
Supporting percentage from a primary energy 
source 
Electricity generation systems Heating systems 
PV-T 
+ NG 
PV-T 
+ DG 
PV-T 
+ PG 
NG+P
G 
NG+D
G 
PG+D
G 
SHW 
+ PB 
SHW 
+ NB 
SHW 
+ DB 
PB + 
NB 
PB + 
DB 
NB + 
DB 
TX 
100 0.96 0.96 0.96 0.50 0.50 0.15 0.87 0.87 0.87 0.61 0.61 1.00 
90 0.93 0.86 0.89 0.49 0.46 0.15 0.84 0.88 0.78 0.65 0.55 0.90 
50 0.76 0.48 0.59 0.39 0.28 0.11 0.74 0.93 0.43 0.81 0.31 0.50 
10 0.56 0.10 0.24 0.21 0.07 0.03 0.64 0.98 0.08 0.96 0.06 0.10 
0 0.50 0.00 0.15 0.15 0.00 0.00 0.61 1.00 0.00 1.00 0.00 0.00 
VA 
100 0.95 0.95 0.95 0.50 0.50 0.13 0.84 0.84 0.84 0.62 0.62 1.00 
90 0.92 0.85 0.89 0.50 0.47 0.13 0.82 0.86 0.76 0.65 0.56 0.90 
50 0.77 0.47 0.58 0.40 0.30 0.11 0.73 0.92 0.42 0.81 0.31 0.50 
10 0.56 0.09 0.22 0.20 0.07 0.03 0.64 0.98 0.08 0.96 0.06 0.10 
0 0.50 0.00 0.13 0.13 0.00 0.00 0.62 1.00 0.00 1.00 0.00 0.00 
WV 
100 0.90 0.90 0.90 1.00 0.78 0.53 0.64 0.64 0.64 0.59 0.59 1.00 
90 0.91 0.81 0.87 0.96 0.71 0.48 0.63 0.67 0.57 0.63 0.53 0.90 
50 0.96 0.45 0.72 0.78 0.40 0.28 0.58 0.79 0.29 0.80 0.30 0.51 
10 0.99 0.09 0.57 0.58 0.08 0.06 0.55 0.92 0.03 0.96 0.07 0.11 
0 1.00 0.00 0.53 0.53 0.00 0.00 0.59 1.00 0.01 1.00 0.01 0.01 
PV-M: solar PV system with mono-crystalline, PV-P: solar PV system with poly-crystalline, PV-T: solar PV system with thin-film, NG: natural gas generator, DG: diesel 
generator, PG: propane generator, SHW: solar hot water, PB: propane boiler, NB: natural gas boiler, DB: diesel boiler, and AD: anaerobic digestion system 
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(a)                                                                                 (b) 
 
Figure D.1 Results of (a) life cycle environmental impacts by impact category and (b) contributions 
of the impacts by alternative electricity generation systems in Virginia using the FEAST (Note that 
the use of natural gas generators had larger environmental impacts in the impact categories of 
global warming, smog, acidification, respiratory effects, and fossil fuel depletion. On the other hand, 
the use of solar PV systems had greater environmental impacts in ozone depletion, eutrophication, 
carcinogenics, non-carcinogenics, and ecotoxicity; PV-M: solar PV system with mono-crystalline, 
PV-P: solar PV system with poly-crystalline, PV-T: solar PV system with thin-film, NG: natural gas 
generator, DG: diesel generator, PG: propane generator) 
 
 
Figure D.2 Results of the life cycle cost analysis of alternative electricity generation systems in 
Virginia using the FEAST (PV-M: solar PV system with mono-crystalline, PV-P: solar PV system 
with poly-crystalline, PV-T: solar PV system with thin-film, NG: natural gas generator, DG: diesel 
generator, PG: propane generator) 
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                            (a) 
 
                           (b) 
 
Figure D.3 Results of (a) life cycle environmental impacts by impact category and (b) contributions 
of the impacts by alternative heating systems in Virginia using the FEAST (SHW: solar hot water, 
PB: propane boiler, NB: natural gas boiler, DB: diesel boiler, and AD: anaerobic digestion system) 
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Figure D.4 Results of the life cycle cost analysis of alternative heating systems in Virginia using the 
FEAST (SHW: solar hot water, PB: propane boiler, NB: natural gas boiler, DB: diesel boiler, and 
AD: anaerobic digestion system) 
